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ABSTRACT 
Hematological status in rainbow trout, Salmo gairdneri, was 
examined in relation to eight combinations of three environmental 
fa ctors; temperature (5°, 20°C), oxygen availability «35%, >70% 
saturation) and photoperiod (16L:8D, 8L:16D) and evaluated by 3-factor 
analysis of variance. Hemog l obin and hematocrit , indicators of oxygen-
c arrying c apacity increased significantly at the higher temperature, 
following exposure to hypoxia and in relation to reduced light period. 
Significant variations in mean corpuscular hemoglobin concentration 
were not detected. The effects of temperature and oxygen availability 
were more pronounced than that of photoperiod whi c h was generally 
masked. Although oxygen availability and photoperiod did not interact 
with temperature, the interaction of the former fac tors was significant. 
Elec trophoresis revealed twelve hemoglobin isomorphs. Relative concen-
tration changes were found in re lation to the factors c onsidered with 
temperature>hypoxia>photoperiod. Howeve r , in terms of absolute 
concentration, effects were hypoxia>temperature>photoperiod. Photoperiod 
effects were again masked by temperature and (or) hypoxia. Red cell 
+2 l eve ls of [CI ] and [Mg ], critical elements in the hemoglobin-oxygen 
affinity regulating system, were also significantly altered. Red cell 
CI +2 was influenced only by temperature ; Mg by tempe r ature and oxygen. 
No photoperiod influence on either ions was observed. Under nominal 
'summer' conditions, these c hanges point to the likelihood of increases 
in oxygen-c arrying c apa c ity coupled with low Hb-0 2 affinity adjustments 
which would be expected to increase oxygen delivery rates to their more 
rapidly metabolising tissues. 
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INTRODUCTION 
North temperate zone aquatic habitats are characterized by 
well-defined seasonal variations in environmental conditions 
(e.g . temperature, oxygen availability, pH, photoperiod) and during 
the summer months by significant daily fluctuations. Their endemic 
fauna, including fishes, can be significantly affected by these 
physical and chemical as well as accompanying biological changes, 
and commonly exhibit compensatory responses of one kind or another. 
The principal physical factors involved include temperature, 
light, water movements and levels, water density, and substrate 
characteristics. Chemical factors include dissolved gases, inorganic 
and organic ions, and nonionizable materials. Of these temperature, 
oxygen and photoperiod are highly variable with respect to season, 
and biologically effective . Temperature, for example, exhibits not 
only seasonal variations, but in lakes and ponds, and to a lesser 
extent, rivers and streams, also vertical variation as well. Thus, 
fishes which migrate vertically for feeding may pass through a 
substantial thermal range even though the thermal characteristics 
of their habitats are stable. For example, the juveniles of sockeye 
salmon, Oncorhynchus nerka, a relatively stenothermal species, may 
o 
expose themselves to temperature changes of 10 ,C or more per day in this 
way (Biette and Geen, 1980), and this represents about 35% of their 
thermal tolerance zone . 
As water temperature increases, the availability of oxygen 
decreases because of thermal effects upon the solubility of oxygen 
(Henry's law) . Temperature-induced increases in the metabolic rates 
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of mi c ro- and other c oexisting organisms frequently further reduc e 
oxygen levels. Fishes, with few exceptions (e.g. tunas, lamnid sharks: 
Fry and Hoc hachka, 1970; Stevens and Neill, 1978) are ectotherms, and 
are c harac terized by body temperatures whi c h are normally within less 
than one degree of ambient water temperature (Stevens and Sutterlin, 
1976). Consequently, their metabolic rates are sharply influenced by 
water temperature c onditions (Figure 1). Q10 values for oxygen uptake 
r ates by fish are frequently in the 2.0-2.3 range, but c an be muc h 
higher (Fry and Hoc hac hka, 1970). In the c ase of rainbow trout, 
Salmo gairdneri, the spec ies employed in this study, oxygen c onsumption 
-1 -1 increased from 18.7 to 121.4 mg. kg .hr over a 2° to 18°C range, 
-1 
while oxygen c ontent de c lined from 13.8 to 9.4 mg.l (Henry and 
Houston, 1984). In the relatively eurythermal goldfish, Carassius 
auratus, oxygen uptake was enhanc ed by 254% when temperature was 
c hanged from 10° to 20°C (Fry and Hart. , 1948). 
Oxygen demand in teleost c an be related to temperature by a 
paraboli c fun c tion, the B~16hradek metabolism-temperature (MT) 
relationship: 
kl KoT 
or its linear equivalent, the Krogh relationship: 
where, \1° 2 oxygen c onsumption 
T temperature 
Ko limiting value (i.e., \1° 2 at lowest tolerated temperature) 
Kl slope (van't Hoff Q10) 
In short, increases in envi r onmental temperature c onfr ont these 
animals with the problem of satisfying inc reased oxygen requirements 
under c onditions of diminished oxygen availability. Responses to 
temperature-related respiratory stress c an be c omplex, with manifestations 
Figure 1 
-1 -1 
Variations in oxygen solubility (ml . l •. mmHg ) 
-1 -1 
and oxygen demand (mgm.kgm .hr ) in some representative 
teleosts with water temperature (Houston, 1973) 
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seen at virtually all levels from the behaviour al to the molec ular. 
In many spec ies, however, the most prominent features of response 
are those whi c h involve the branchial oxygen-c arbon dioxide transfer 
system and blood oxygen transport. In the p r esent study, emphasis 
has been given to responses at the hematologic al level. These are 
c onveniently grouped within the general s c heme proposed by Hoc hac hka 
and Somero (1973). 
(1) Adjustments in overall oxygen-carrying c apac ity (the so-c alled 
quantitative adaptive strategy). 
(2) Adjustments in the types or abundanc ies of the hemoglobins 
present in spec ies possessing fun c tionally-distinct 
hemoglobins (the qualitative adaptive strategy). 
and (3) Adjustments in the mi c roenvironment in whi c h these 
hemoglobins operate, partic ularly with respe c t to fa c tors 
influenc ing hemoglobin-oxygen affinity, and therefor e the 
readiness with which oxygen is loaded at the gills and 
subsequently unloaded in the mi c roc irc ulation (the modulatory 
adaptive strategy). 
I Earlier studies in this laboratory (Houston and DeWilde, 1968; 
1969; Houston and Cry, 1974; Houston et al, 1976; Houston and Smeda, 
--
1979; Houston and Koss, 1984a,b; Henry and Houston, 1984) have 
emphasized responses to temperature under normoxia , i.e., near-
saturation (>80%) oxygen levels. In these studies, the higher 
temperature c onditions were a ccompanied by hypoxia only in the sense 
that the amount of oxygen available may have been inadequate to ensure 
full hemoglobin loading or to satisfy temperature-enhanced tissue needs. 
All previous experiments were also c arried out under what are regarded 
as "neutral" photoperiod c onditions, i.e. 12 hours light and 12 hours 
darkness per day. Ac tually, under natural c onditions reduc ed temperatures 
and high oxygen availability are assoc iated with short light periods, 
1 2 
i.e. 'winter' c onditions, whereas the reverse is t r ue during the 
summer period. In nature, photoperiod variations c an have two 
potentially important effects. Oxygen variations, espec ially in 
shallow freshwater habitats are at least partly the result of diur nal 
c hanges in net oxygen produc tion by photosynthesis. It has been shown, 
for example, that P02 may drop to 20-30 mmHg during the night, and ri se 
to 200-400 mmHg at mid-day as a c onsequence of this (Jones, 1961; 
Garey and Rahn, 1970; Davis, 1975; Kramer et al, 1978). Photoperiod 
also has signific ant effects upon endocr ine a c tivity. These are 
thought to be mediated by the pineal gland, and have a wide range of 
effects. Murphy and Houston (1977), for example, have demonstrated 
signific ant photoperiodic effects on water-elec trolyte metabolism in 
rainbow t r out. As yet, however, possible photoper iodic influence 
upon oxygen-c arrying c apac ity have not been examined. 
In the present study, c onsideration has been given to the effec ts 
of tempe r ature a c ting in c onc ert with oxygen availability and photo-
period, on the amounts, kinds and operating c onditions of hemoglobin 
in the rainbow t r out, Salmo gairdneri. 
The Null hypothesis p r oposed was " temperature, oxygen availability 
and photoperiod do NOT influence : 
(1) total blood hemoglobin c ontent and hematocrit 
(2) the qualitative and quantitative o r ganization of the 
multiple hemoglobin system 
and ( 3) erythrocytic levels of the hemoglobin-oxygen affinity 
+2 -1 
modulators, Mg and Cl ." 
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REVIEW OF LITERATURE 
The following Review of Literature focuses on three principal 
areas . The first of these is concerned with cardiovascular-ventilatory-
branchial aspects of response to stresses of the types considered in 
this study. Although, as noted previously, this investigation emphasizes 
hematological aspects of response, these do not occur in isolation. 
Maximum rates of oxygen delivery to tissues are established by several 
factors. The degree to which hemoglobin is oxygenated, for example, 
during passage of blood through the gills is influenced by effective 
branchial area and rates of ventilatory and perfusion flow as well 
as the amount of hemoglobin available for oxygen uptake. Delivery of 
oxygen to tissues is essentially a product function of cardiac output, 
which approximates branchial perfusion in linear circulatory systems, 
and blood oxygen-carrying capacity. The final step, unloading of 
oxygen within the microcirculation is, on the other hand, regulated by 
the modulatory microenvironment provided by the erythrocytes. In short, 
hematological responses must be viewed in the context of systemic 
activities. Accordingly, attention has initially been given to this 
question, and particularly to the advantages and limitations of various 
systemic responses. 
A subsequent section considers the structural and functional 
properties of hemoglobin, and factors involved in establishment of 
the equilibrium between the 'tense', deoxy- and 'relaxed', oxy-
configurations of the molecule. This has been done primarily by 
reference to the intensively-studied mammalian hemoglobin system. 
Where possible, however, reference has been made to comparable 
properties in teleostean hemoglobins and, in addition, to what appear, 
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by referenc e to the mammalian situation, to be their unique properties. 
The final sec tion of this review addresses hematological responses 
to stresses similar to those investigated in this study. 
I. Adaptations of the Cardiovascular-Respiratory System 
Salmonid fishes normally inhabit temperate, well-oxygenated waters . 
As noted in the Introduc tion, they may be subjec ted to stresses of 
various kinds as a c onsequenc e of variations in their environment, 
and must then respond with c ompensatory adaptations to their altered 
c irc umstanc es. Although variations in temperature and oxygen avail-
ability are frequently linked under natural conditions, most of the 
research whi c h has been reported thus far has c onsidered adaptive 
response to either temperature or oxygen c ontent. Responses at the 
respiratory level involve (1) ventilation: Vg, the volume of water 
passing over the gills per unit of time, (2) perfusion: Qg, the 
volume of blood passing through the gas exchange area per unit of time 
(this is usually symbolized as Qg cardiac output - the produc t of 
c ardiac stroke volume and heart rate - since most of the blood ejec ted 
by the heart is delivered to the gills) and, (3) diffusion, whi c h is 
a func tion of gas exc hange area (A), mean diffusion pathway (~X) and 
permeability (P). The relationships of these variables to oxygen 
uptake (V ) have been descr ibed by Hughes and Shelton (1962), Hughes 
°2 
(1964), Randall et al (1967) and Randall (1970) in terms of three 
basic respiratory equations: 
(1) Branchial ventilation : V 
°2 
(2 ) Branc hial perfusion: V 
°2 
(3) Branchial diffusion: V 
°2 
Vg . aW 
°2 
(dA/2~X) 
-1 
PE )ml 02.min 
°2 
-1 
- Pv )ml ° .min 
02 2 
. -1 -2 
mln .cm 
where: V 
°2 
a ..... 7 
°2 
abo 
2 
Vg 
gg 
PI 
°2 
PE 
°2 
Pa 
°2 
Pv 
°2 
d 
A 
/).X 
oxygen c onsumption (oxygen uptake) 
water oxygen c apac ity 
blood oxygen c apac ity 
ventilatory water flow over the gills 
c ardiac output (i.e. blood flow through the gills) 
oxygen tension of inspired water 
oxygen tension of expired water 
arterial oxygen tension 
venous oxygen tension 
c oeffi c ient of oxygen diffusion 
gill exc hange a r ea 
mean diffusion path length 
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While some studies have emphasized the effec ts of abr upt c hanges 
in water temperature (Wells, 1935; Freeman, 1950; Grainger, 1958; 
Sage, 1971; Crawshaw, 1976 ) most have fo c used on the influenc e 
of long-term thermal a cc limation proc esses (Hughes, 1970; Heath and 
Hughes, 1973; Ce c h et al, 1979; Biette and Geen, 1980; Henry and 
Houston, 1984). This has c onsiderable bearing on the results obtained 
s i nc e it has been well established that the c hanges in oxygen c onsumption 
whi c h o ccur in f i sh when temper ature is altered depend to some extent 
on the rate as well as the magnitude of the imposed c hange. In addition, 
r esponse to suc h c hanges also depends upon the previous thermal history 
of the fish (Holeton, 1979). 
Patterns of oxygen c onsumption a r e usually profoundly alter ed 
immediately following abrupt temperature c hange and stabilize during 
a cc limation to the new temperature c onditions fo r a few days (Bulloc k, 
1955) . In natur e, however, neither abrupt l y c hanging temperatures 
nor long-ter m constant temperatur es a r e c ommonly enc ountered. On 
the other hand, many aquati c organisms are exposed to a diurnal 
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thermal c y c le as a result of vertic al or horizontal movement and/or 
bec ause of the thermal c harac teristic s of their habitats (Henry and 
Houston, 1984). A number of recent studies have, therefore, examined 
respiratory responses to the more ecologically-realistic c ircumstanc es 
provided by regularly-fluctuating temperatures, c omparing these with 
responses observed under c onditions of c onstant temperature. 
Similarly, cardiovascular-respiratory responses to gradually-
imposed hypoxia have now been descr ibed (Marvin and Heath, 1968; 
Hughes and Saunders, 1970; Burton, 1971; Holeton, 1971) and supplement 
earlier studies involving abrupt exposures to reduced oxygen tension. 
Be c ause the responses of the cardiovascular-respiratory system to 
temperature c hanges and hypoxic c onditions share a number of c ommon 
featu r es, it is c onvenient to review them together (Figure 2). 
Figure 2 Systemic adaptation in teleosts to thermal and 
hypoxic stresses 
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Temperature-induced increases in oxygen consumption are commonly 
associated with elevated gill ventilation (Wikgren, 1953; Davis, 1968; 
Hill and Potter, 1970; Heath, 1973; Johansen et al, 1973; Henry and 
Houston, 1984) . This type of response has been observed in a variety 
of fish species including the largemouth bass, Micropt.erus salmoides 
(Reynolds, 1977), goldfish, Carassius auratus (Beamish and Mookherjii, 
1964), flounder, Platichthys flesus (Duthie and Houlihan, 1982) and 
rainbow trout, Salmo gairdneri (Hughes and Roberts, 1970). A highly 
significant correlation between oxygen consumption and ventilatory flow 
was recently reported for rainbow trout in this laboratory (Henry and 
Houston, 1984) . In this study, ventilatory flow was enhanced some 
5.50 x over a temperature range of 20 to 22 0 C. This resulted from 
increases in both ventilatory frequency and stroke volume which were 
elevated by 2.57 and 2.36 x respectively. A dependency of ventilatory 
frequency upon ambient temperature has been reported in numerous other 
species of fishes including the carp, Cyprinus carvio (Meuwis and Heuts, 
1957), goldfish (Freeman, 1950) and guppy, Lebistes reticulatus 
(Tsukuda,1961). Interestingly, no evidence of respiratory acclimation 
to diurnal cycling temperature conditions per s~ has been observed 
(Duthie and Houlihan, 1982; Vondracek et al, 1982; Henry and Houston, 
1984), and this stands in distinct contrast to other responses to such 
circumstances . 
The respiratory responses of fishes have also been examined in 
some detai l following imposition of both moderately and acutely hypoxic 
conditions (Holeton and Randall, 1967; Cech and Wohlschlag, 1973; 
Johansen, 1982 ; Lomholt and Johansen, 1979; Nikinmaa and Weber, 1984) . 
19 
For example , in rainbow trout ventilatory frequency rises from 86 to 
-1 123 cycles .min when p0 2 is decreased from 140 to 30 mmHg (Holeton 
and Randall, 1967). Similarly , in the lamprey, Lampetra fluviatilis 
a decrease in p0 2 from near-saturation leve ls to 40 - 50 mmHg prompts 
a more than two-fold increase in ventila tion ra te, i.e ., from 99 to 
241 cycles . min- l (Nik i nmaa and Weber , 1984). This is true as well of 
t he relate d lamprey, Entosphenus tridenta t us (Johansen et~, 1973). 
These animals exhibit i ncreases in g111 stroke volume as well as 
ventilatory rate in response to hypoxia. This has also been r eported 
i.n t-ainbow trout (Hughes and Saunders , 1970; Davis and Came r o n , 19 71), 
the l ung fish, Ne or; e ratodus fo rs t e ri (Johansen et aI , 1967 ) and 
striped mullet, Mugil c ephalus (Cech and Wohls c hlag, 1973) 
As a consequence of increases in stroke v o l ume and ventilation 
rate , venti lato ry flow is sharply elevated wi th hypoxia . Cech and 
Wohlschlag (1973), for example , reported that mean venti latory flow 
increased more than 3-fold in the mullet. This wa s achieved by an 
approximate doubling of t he mea n s t roke volume and a proportionately 
smalle r increase in ventilatory frequency. Their fi ndi ng s tend to 
support the contention of Johansen et al ( 1967) that " . . there may 
be an energetic advantage i n r ais i ng ventilatory f low by increases in 
ventila tory stroke volume rather than frequency. " It is interesting 
to note that although both ventilatory frequency and stroke volume rise 
in response to mode r ate hypoxia, seve rely hYPOX1C conditions lead to 
decreases i n both ventilatory frequency and stroke volume and, thus, a 
decline in ventilatory flow (Beamish, 1964 ; Gerald and Cech, 19 70; 
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Holeton , 1971; Marvin and Burton, 1973; Nikinmaa and Weber, 1984). 
Simulation studies by Taylor et al (1968) suggest that this reversal 
of the normal response to hypoxic conditions may stem from a braking 
reflex brought into play when the triggering stimulus exceeds some 
maximum limit . They hypothesized that this limit represents a 
stimulus magnitude which would force the ventilatory system to a level 
of metabolic cost in excess of the additional gain in oxygen uptake . 
In short, the intervention of the suggested braking reflex prevents 
the ventilatory mechanism from operating as a positive feedback system. 
The relationship of oxygen consumption to oxygen availability 
is frequently described in terms of zones of respiratory dependence 
and independence (van Dam, 1938; Fry, 1947; Hughes, 1981) (Figure 3). 
These are defined primarily in terms of maximum, rather than standard 
or basal levels of oxygen uptake. Over a range of relatively high, 
species-dependent oxygen tensions, oxygen consumption at constant 
temperature remains stable. The range of oxygen tensions over which 
consumption is not influenced by availability is said to constitute the 
zone of respiratory independence . The response mechanisms which permit 
the animals to maintain stable oxygen consumption rates under these 
circumstances involve the circulatory and ventilatory systems and 
are considered in more detail later in this review. However , as 
oxygen tension falls to a particular level, the critical oxygen 
tension (Tc), oxygen uptake declines as P02 decreases despite responsive 
increases in cardiovascular-respiratory activities . Since the metabolic 
costs of operating these systems rise rapidly with increased activity , 
the actual net gain in oxygen uptake probably falls more rapidly than 
does overall oxygen consumption itself. In any event, the range of 
Figure 3: The relation between standard and active (maximum) 
oxygen uptake rates at different environmental 
oxygen concentrations (From Hoar, 1966). 
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tensions over which a direct relationship is seen between oxygen 
consumption and availability is termed the zone of respiratory 
dependence. This has a lower boundary, the incipient lethal tension; 
sometimes referred to as the tension of no excess activity. This is 
the tension at which maximum and basal levels of oxygen consumption 
inter sect, i. e., at tensions below the incipient lethal level the 
animal begins the process of asphyxic death. This has been well documented 
in a number of species including brook trout, carp and goldfish (Beamish, 
1964). Changes in ventilation also affects % u t ilization (% U) of oxygen 
(Van Dam, 1938; Gerald and Cech, 1970} The basis of decreasing % U 
with increasing ventilation will be considered later. As was the case 
with response to temperature change, the extent of ventilatory response 
following exposure to hypoxia is time dependent. with the onset of 
acutely hypoxic conditions ventilatory freq uency, stroke volume and 
oxygen consumption initially increase rapidly and markedly (Hughes 
and Saunders, 1970; Johansen et aI, 1973; Claridge and Potter, 1975). 
with continued exposure, however, both ventilatory frequency and flow 
decre ase, as noted earlier, although they remain well above the levels 
found under normoxic conditions. Nikinmaa and Weber (1984) have 
recently demonstrated this p henomenon in the l amprey and their 
observations are summarized in Table following. 
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Table 1 
ventilatory responses to acute and prolonged hypoxia 
in Lamprey (Lamvetra fluviatilis) at 15 0 C 
Reported as mean± standard error of the mean (sample number) 
(Data from Nikinmaa and Weber, 1984) 
Parameter Normoxia Acute Hypoxia 7 days 
Hy£oxia 
I 
Pwo 2 (mmHg) >130 40-50 40-50 
ventilatory frequency 99 ± 14 ( 8) 241 ± 37 ( 8) 224 ± 40 (8) 
(cycle.min- l ) 
°2 consumption 40 ± 3.7 (8) 60 ± 5.2 53 ± 3.5 
-1 -1 (mg.kg .hr ) 
I 
Nikinmaa (1981) and Weber (1982) have hypothesized that responses 
to prolonged hypoxia represent adaptations involving energetically 
less costly adaptive mechanisms; among them enhanced oxygen-loading 
in gills as a consequence of increased hemoglobin-oxygen affinity . 
This has also been reported in eels, Anguilla anguilla and Lampetra 
fluviatilis (Wood and Johansen, 1972; Nikinmaa and Weber, 1984), 
Plaice, Pleuronectes platessa (Wood e t al, 1975), carp (Weber and 
Lykkeboe, 1978) and rainbow trout (Soivio et al, 1980; Tetens and 
Lykkeboe, 1981; Nikinmaa and Soivio, 1982). The mechanism which increases 
the Hb-oxygen affinity and oxygen-carrying capacity will be reviewed in 
later section. 
Although increased ventilatory activity is commonly employed 
by terrestrial vertebrates to amplify oxygen uptake, a number of 
considerations appear to limit its utility in aquatic organisms 
including fishes . Among the most important of these is the nature 
of the respiratory medium . This is, as previously noted, dense , 
viscous and relatively oxygen-poor. Furthermore, hydrodynamic 
considerations ensure that not all of the water delivered to the 
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gills is used for respiratory purposes. Because of these characteristics, 
gill-breathing animals require a relatively massive ventilatory 
musculature, and must expend substantial energy in ventilation . In 
fishes, for example, as much as 30% of total metabolism may be directed 
to the operation of the muscular pumps responsible for ventilation 
(Hughes and Shelton, 1962; Schumann and Piiper, 1966) . Although 
precise figures are not available, the cost of ventilation varies 
depending on species, activity and characteristics of the habitats . 
Normally, only 30-40% of the oxygen presented to the gill surfaces 
is actually extracted. This is a consequence of relatively large 
diffusion resistances across the gill surface and also because of water 
shunting. The latter constitutes the proportion of ventilatory flow 
that does not come into contact with the respiratory surface of the 
gills, being shunted past the gills. Randall (1970) has summarized 
the paths which water may take through the bra,nchial chamber, dis-
tinguishing respiratory flows, shunt flows and residual flows . The 
shunt flow, in turn, can be subdivided into three components . When 
interlamellar spaces are large or water flow is so fast that there is 
not sufficient time for oxygen extraction, a 'diffusional dead space' 
results . Secondly, there is a 'distributional dead space' as a 
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consequence of unequal ventilation and perfusion of the gills. If 
ventilation through lamellar "pores" is high, or if the "pores" 
are ventilated unequally, more oxygen may be delivered to all or 
part of the respiratory surface than is required to saturate the 
blood. The final component is the 'anatomic al dead spac e flow'; the 
water flowing between the primary lamellae of adjacent hemibranchs. 
The actual water shunt can be c al c ulated as: 
water shunt 
where, Vg ventilatory flow 
oxygen tension in expired water 
oxygen tension in inspired water 
oxygen tension in water having the same P O2 
as venous blood 
oxygen gradient between blood and ventilated water 
In trout, shunt flow may account for up to ~ 60% of total 
ventilation flow under some circumstances (Stevens and Randall, 1967). 
Generally, water leaving the gills is between 60-70% saturated with 
oxygen. As noted earlier, increases in temperature lead to increased 
ventilatory flow. One c onsequence of this is an increase in anatomical 
dead space flow, so that more water is shunted past the tips of the 
gill filaments without passing over the sec ondary lamellae (Hughes 
and Morgan, 1973). Consequently, the percentage utilization of oxygen 
(% U) is reduced following increased ventilation unless other fa c tors 
intervene. It is widely a ccepted, for example, that an increase in the 
functional lamellar area, or an alteration of blood flow and its 
distribution in lamellae can come into play to compensate for this 
effect . 
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The functional surface area of the gill is defined in the first 
instance, as the total area of the secondary lamellae; the primary 
filaments and other branchial areas do not participate in gas transfer . 
Mean secondary lamellae area, calculated for several species of fishes, 
is about 4.9 cm2 .g- l body weight (Gray, 1954; Hughes, 1966) . However, 
active fishes have larger areas than do more metabolically- sluggish 
forms (Gray, 1954; Hughes, 1966) . The metabolically-active salmonids, 
for example , are characterized by relatively large areas per unit 
body weight than are many other species, and their gills are considerably 
more effective in the oxygen uptake (Hughes, 1966) . Exchange areas 
calculated in this way are, however, primarily of relative rather than 
absolute value since allowance must be made for the columnar portions 
of the pillar cells which separate the lamellar walls . The distribution 
of these is species-specific, and the actual exchange area (total 
secondary lamellar area minus cross-sectional pillar cell area) must be 
calculated for each species . 
In order to minimize endosmosis and inorganic ion losses, fresh-
water teleosts do not ordinarily utilize all of the exchange area under 
resting conditions. Simulation studies (Taylor e~ al, 1968) suggest, 
f or example, that much less than 1/3 of the total is actually employed 
by trout under such circumstances . Consequently, additional area can be 
recruited as needed , although at osmoregulatory cost . Such increases in 
functional area may be accomplished by altering the distribution of 
branchial blood flow to non-exchangeable versus e x changeable areas 
of the gill or by amplifying the number of lamellae perfused. Steen 
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and Kruysse (1964) described three main blood flow paths connecting 
the afferent and efferent filamental arteries. Based on their demon-
stration of by-pass shunts, Steen and Kruysse (1964) hypothesized that 
changes in diffusion capacity could be explained by variations in the 
proportion of the functional blood flow allocated to non-respiratory 
vascular shunts. Al.t.hough such gill blood shunts, which bypass the 
lamellae were reported in eel (Steen and Kruysse, 1964), channel catfish 
(Boland and Olson, 1979), elasmobranchs (Piiper and Baumgarten-Schumann, 
1968) and Dipnoi (Johansen and Hanson, 1968), later studies have failed 
to find these shunts in other species (Gannon et al, 1973; Cameron, 1974; 
Laurent and Dunel, 1976; Vogel et al, 1973, 1974, 1976; Cooke and Campbell, 
1980) • 
Subsequently, an infrared photographic technique was introduced by 
Davis (1972 ) to examine gill vascularization. Differences in blood flow 
to the lamellar blood vessels were observed in adrenalin-treated as 
compared to control trout. Adrenalin reduces vascular resistance in 
gills. These and later studies indicated that increases in functional 
gill surface area were achieved principally by varying the number of 
secondary lamellae receiving blood. This was first reported by Cameron 
(1974) and confirmed by Booth (1979) and Petterson and Johansen (1982) 
for Arctic grayling, Thymallus arcticus, burbot, Lota lota and common 
sucker, Catostomus catostomus, rainbow trout and Atlantic cod, Gadus 
morhua respectively. More recently, Petterson and Johansen (1982) have 
examined mechanisms by means of which this occurs. Apparently, oxygen-
sensitive, smooth muscle elements in efferent lamellar arterioles 
respond to hypoxia by contraction. This vasocontraction increases afferent 
lamellar pressure causing perfusion of previously unperfused lamellae 
and hence, increases the functional surface area. 
Adjustments in cardiac output (the product of heart rate and cardiac 
stroke volume) also contribute to respiratory adaptation; the increases 
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in ventilation which accompany exposure to higher temperatures being 
associated with increases in cardiac output (Randall, 1968). The 
metabolic requirements for cardiac pump operation have not been precisely 
defined in fishes yet, but are thought to be less than those associated 
with ventilation (Jones, 1971). Cardiac rate varies directly with 
tempe rature up to a critical level which is a characteristic of the 
species, and above this declines (Mott, 1957). For example, in rainbow 
trout, maximum cardiac rate was recorded at 180 C and did not increase 
significantly above this temperature (Henry and Houston , 
1984). Increases in cardiac rate with increasing temperature have also 
been reported in other species such as Ophiodon elongatus (Randall, 1968) and 
Opsanus tau (Wilber, 1961). It is believed that temperature acts directly 
on the pacemaker cells of the heart, altering membrane permeability and 
increasing intrinsic rates of depolarization in these cells (Laurent, 
1962). This was demonstrated by Randall (19 68 ) for lingcod, and can be 
inferred from observation on rainbow trout (Henry and Houston, 1984). 
In addition, temperature-related variations in ECG intervals 
suggest that both the rate of spread of the excitation wave through 
the myocardium, and the rate of recovery of these cells following 
contraction are increased at higher t emperatures (Henry and Houston, 
1984). Surprisingly, stroke volume does not appear to be greatly 
influenced by temperature. This has been demonstrated by Randall (1968) 
for l ingcod , and can also be inferred from observations on rainbow trout 
(Henry and Houston, 1984). Under such circumstances, increases in 
cardiac rate at higher temperatures must lead to an enhancement of 
cardiac output. Since most of the blood ejected by the heart passes 
through the ventral aorta to the afferent branchial arteries, branchial 
perfusion must also rise. However, whether this leads to increases in 
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effective gas exchange area will depend upon the intervention of 
lamellar responses of the type previously considered. In the instance 
of the rainbow trout, recent evidence of increased oxygen utilization at 
higher temperatures suggest that both branchial perfusion and exchange 
area are elevated (Henry and Houston, 1984). 
Although, as noted earlier, there are commonalities in ventilatory 
responses to both temperature-induced increases in oxygen consumption 
and to reduced oxygen availability, this is frequently not the case 
with cardiovascular response. Teleosts frequently respond to hypoxic 
conditions with reductions in cardiac rate, i.e., bradycardia (Holeton 
and Randall, 1967 ; Holeton, 1971). Furthermore, in trout, the brady-
cardia induced by moderately hypoxic circumstances is associated with 
significant increases in stroke volume. Consequently, there is little 
change in cardiac output (Holeton and Randall, 1967 ). It is thought 
that the combination of reduced cardiac rate and elevated stroke volume 
may significantly alter the transit time of blood through the gills. 
Since ventilatory flow volume rises while perfusion flow volume is 
reduced, improved branchial oxygen uptake would be anticipated (Satchell, 
1961; Hughes and Shelton, 1962; Hughes, 1964). 
II . Structural and Functional Properties of Hemoglobin 
The hemoglobin molecule exhibits well-described structure-function 
relationships and ligand-related changes in both tertiary and quaternary 
configurations (Perutz, 1969 , 19 70 .) The primary amino acid sequences 
of the .globin component of the molecules have been determined primarily 
by reference to mammalian species. However, partial sequences for 
fishes such as carp (Hilse and Braunitzer, 1968), trout (Bossa e~ aI, 
1978), lamprey, Lampetrafluviatilis (Braunitzer and Fujiki, 1969) and 
and desert sucker, Catostomus clarkii (Powers and Edmundson, 1972a,b) 
have been determined. These share a number of common features with 
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human and other mammalian hemoglobins. In general, vertebrate 
hemoglobins are remarkably uniform in molecular weight (~65,000) as 
well as with respect to the amino acid sequences of their globin chains 
(Riggs, 1970) . This is particularly true of residues which are critical 
to the oxygen-binding process . For example, two histidines in each globin 
chain are found at 58 (61 in trout HbI) and 87 (90 in trout HbI) residue 
sequence positions in both human and fish hemoglobins. 
The hemoglobin molecule can be regarded, in some aspects, as a 
"pseudoenzyme". Like enzyme proteins, it possesses a specific, tightly-
bound prosthetic group essential to its activity. This, the heme compon-
ent consists of a porphyrin ring linked to a central iron atom (Figure 4a). 
The former consists of four pyrrole groups linked by methane bridges. 
In addition to four bonds with the four nitrogens of the porphyrin 
ring, heme iron possesses two additional linkages designated as fifth 
and sixth coordination positions (Figure 4b). Thus, a total of six 
interactions are possible; four in the plane of heme, and two projecting 
from it. The oxidation state of the iron is Fe+ 2 which can form a 
reversible complex with oxygen, but in the case of denatured hemoglobin 
+3 
and free heme, the state of the iron is Fe (Antonini and Brunori, 
1971). A folded globin chain surrounds each heme group. About 75% of 
each chain is folded in a right-handed helix. The.re are eight such 
helices designated A to H with AB, CD, EF, FG and GH corners in each 
chain. The hemoglobin molecule, composed of four such globin chains 
and their heme groups, is roughly spherical . Like enzymes, the outside 
of the globin chain is composed of both polar and nonpolar residues, 
while the interior part is made up almost entirely of nonpolar residues . 
+2 
The nonpolar environment is thought to protect the ferrous state (Fe ) 
of the heme iron from irreversible oxidation by excluding water (Antonini 
and Brunori, 1971). It should be noted, however, that two polar residues 
(the histidines alluded to earlier) are present in the interior . The 
Figure 4 (a) Hemoglobin structure showing the four subunits being 
composed of hemes and globin chains 
(b) The heme environment illustrating the heme group and 
the fifth and sixth coordination positions . 'WI 
represents any ligand which can bind to the heme group . 
(From Dickerson and Geis, 1983) 
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iron is bonded covalently to the imidazole of the proximal histidine 
87 of the F helix which occupies the fifth coordination position. 
Actually, the iron atom is approximately 0.75°A out of the porphyrin 
ring plane toward the proximal histidine. The oxygen binding site is 
at the opposite side of this histidine; the sixth coordination position. 
Nearby is the distal histidine (58) of the E helix which is not bonded 
to the heme iron but directly to oxygen when the latter is inside the 
ligand poc ket between the iron and the distal histidine. Another sixty 
atoms of the globin other than these histidines are in van der Waals 
contact with the porphyrin ring. 
Although human hemoglobin a chains contai~ 141 residues, carp 
and desert sucker a chains have 142, and the trout, Salmo iridius, 144. 
There are few contacts between a and a, or Band B subunits. The 
aB contacts are of two types -- alB l and a l B2 (a 2B2 and a 2Bl ) and these 
are termed "packing" and "sliding" contacts respectively (Figure 5). The 
"packing" contacts involve the B, G and H helices and the GH corner of 
folded chains. Thus, subunit packing is unchanged when hemoglobin shifts 
from the deoxy- to the oxyconfiguration. The "sliding" contact which 
includes the C, G helices and the FG corner, however, undergoes changes 
during oxygen uptake and release; principally because of a change in the 
ligation state of the heme. Nearly one-third of these contacts involve 
formation of hydrogen bonds and saltbridges which are ruptured during 
ligand binding. 
Perutz (1969 , 1970) has investigated conformational changes in 
hemoglobin structure accompanying ligand binding. These can be summarized 
as follows. The iron which was 0.75°A out of the porphyrin ring plane 
is forced into the ring pushing the heme group c loser to the F helix 
and histidine F8 to make room for the ligand. The histidine-iron bond 
is tilted away from an angle of 7°-8° with the heme plane to a perpend-
icular plane by ligand binding. Because the iron is bound to the proximal 
Figure 5 The a2S2 dimer seen in a side view . Packing contacts 
(hatching) hold the dimer together and are unchanged 
when the molecule is oxygenated. The sliding contacts 
(stipple), however , undergo changes with oxygen uptake 
and release . (From Dickerson and Geis , 1983) 
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histidine, and the porphyrin ring is in contact with about sixty atoms 
of the globin chain, Perutz (1970) considers that these events are the 
primary triggers of the changes in tertiary and quaternary structure 
which take place during oxygen uptake and release. In the a chain, 
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which has sufficient volume in the heme pocket for ligands, no large 
changes occur with oxygen binding. Consequently, the a units are likely 
to take up oxygen first. In the S chain, Valine S67 also shifts due 
to the primary triggers so that the distance between the porphyrin 
ring and the helix E increases and this facilitates subsequent ligand 
bonding. This movement is also one of the causes of changes in the 
hemoglobin configuration. When the molecule is deoxygenated, the space 
decreases in volume~ This is a consequence of shifts in the F helices 
in both a and S chains towards the centre of the molecule and the H 
helices. The spaces between F and H helices are reduced and tyrosines, 
a 140 and S 145 are expelled from their F-H pockets. Expulsion of 
these tyro sines leads to displacement of C-terrninal residues and the 
rupture of associated salt bridges and hydrogen bonds (Figure 6). More 
specifically, tyrosine a 140 pulls Arginine a 141 with it, breaking salt-
bridges to Lysine 127 and Valine 1 of the opposite a subunit. This is 
accompanied by the release of Bohr protons. Hydrogen bonds with 
Aspartic acid 126 of the opposite a and Valine 34 of the opposite S 
subunit are also broken (Figure 6a). In each S chain tyrosine expulsion 
also leads to Histidine S146 displacement and the rupture of its salt-
bridges with Aspartic acid S94 and Lysine 40 of the opposite a subunit. 
These events lead to the release of Bohr protons. The hydrogen bond 
between Tyrosine 145 and Valine S98 is also ruptured (Figure 6b). 
The sliding contact between a and S subunits also changes with 
ligand binding (Figure 7). Histidine S97, which is located between the 
side chains of Proline a44 and Threonine a41 in the deoxy state is 
shifted past the threonine to a site between Threonine a41 and Threonine 
Figure 6 Salt bridges and hydrogen bonds between other groups and 
the last two residues in (a) the a chains and (b) the S 
chains of deoxyhemoglobin. (From Dickerson and Geis, 1983) 
(a) 
(b) 
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Figure 7 H-bonds and saltbridges at the a l 82 interface . Dotted 
lines represent bonds which are ruptured by ligand binding; 
dashed line indicates bond which exists in oxyhemoglobin . 
(Modified from Dickerson and Geis, 1983) 
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a38. The hydrogen bond between Asparti c acid S99 and Tyrosine a42 is 
also broken . Another hydrogen bond between Aspartic acid S99 and 
Asparagine a97 is replac ed by one betwee n Asparag ine 8102 and 
Aspartic a cid a94. The r upturing of these saltbridges and hyd rogen 
bonds, essential i n stabilization of the deoxy or tense (T) form 
molecular c onf igur ation alte r s quate rna ry struc ture in favou r of the 
relaxed (R) or oxyhemoglob in s tate. 
With the foregoing st r u c tura l concept s as background, c onsidera ti on 
will next be given to the f unc tlonal p roper t i es o f hemoglob i n, and the 
manne r in which these can be adjusted duri ng a daptation t o alte r e d 
environmental condition s . Pa r t lcular consideration wi ll be g i ven to 
heme-he me interac tions , the effec ts of carbondloxide , organi c phosphates, 
inorganic c onstituents and temperature. 
(1 ) Heme -heme interaction: 
Oxyge n equilibrium curves (OEC) summarize many of the important 
phys i olog ic a l properties of hemogl obins. Al though t he relat i onsh i p 
between oxygen uptake by the monome r myoglobin and oxygen te nsion is a 
r ec tangular hype rbola , that of hemoglobln is c haracteristi c ally sigmoida l 
in nature. Myoglob in thus binds oxygen readily , but requires a very l ow 
oxygen partlal pressure for its release. Hemoglobin, on t he other hand , 
loads and releases more readi l y . We i ssblatch (1974 ) , f or example, notes 
that if myoglobin was the oxygen carrler , tissues would suff er from 
oxygen dep letion . The sigmoid a l charac t er of the h emoglobin is largely 
attributable to heme-heme int eract ions . As would b e i n fe red from the 
foregoing section, oxygen binding to a heme group leads to conformational 
changes. Consequently, hemoglobin shift s from a tense (T) form to a 
r el axe d (R) form; that i s , it opens the other heme poc kets so that l igands 
have easier access to iron. The firs t heme attached to the oxygen has 
• 
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the lowest assoc iation c onstant (5-60 atm- l ), the exac t value depending 
on pH, Cl level, CO 2 tension and the concentration of organi c phosphates. 
The sec ond and third hemes have association c onstants two to three times 
higher. The final heme has an assoc iation c onstant of 3000-6000 atm- l 
(Di c kerson and Geis, 1983). 
Heme-heme interaction is commonly c onsidered by referenc e to the 
Hill relationship : 
Y 
l-Y 
where; Y 
n Kp 
fractional saturation of oxygenated hemoglobin 
l-Y fractional saturation of deoxyhemoglobin 
K affinity c onstant 
p partial pressure of oxygen 
n = empiric al parameter (Hill's c oeffic ient) 
The In' is the tangent to the maximum slope of the OEC; i.e., between 
10% and 90% oxygen saturation. The OEC has a slope of unity at very 
low «10% P ) and very high (>90% P ) oxygen tensions. This suggests O2 O2 
(Wyman, 1948) that heme units behave independently under very low and 
very high oxygen tensions. The slope, whi c h bec omes higher (i.e. >1) 
in the middle range of Po ' indicates heme-heme interac tion. Although 
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the In' value of human hemoglobin is in the range of 2.8-3.0, that of 
all trout hemoglobins is between 2.2 and 2.7 (Binotti et~, 1971). 
The shape of the OEC of mammalian hemoglobin is essentially independent 
of temperature and pH. Temperature invarianc e indic ates that the heat 
of oxygenation is not a function of the degree of saturation. Similarly, 
pH invariance points to independence of the degree of saturation on 
the number of Bohr protons released (Wyman, 1979). By c ontrast, the 
n values and the positions of the OEC of most fish hemoglobins are 
fun c tions of either pH or temperature, or both. 
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(2) The effect of c arbondioxide: 
The dependenc e of oxygen affinity on CO 2 was first reported by 
Bohr , C • (1904). In part this stems from reac tion of CO 2 with primary 
amino groups of NH 2- termini to form c arbamino groups (Henriques, 1929; 
Rossi-Bernardi and Roughton, 1967). This reac tion c an be described as: 
CO + PrNH ~ PrNHCOOH ~ 
2 2 -.;;--
+ H + PrNHCOO 
This reaction leads to conversion of the neutral NH 2-termini of 
a chains to anions capable of forming saltbridges with Arginine a 141 
(Figure 7). Consequently, c arbamino formation favours the tense deoxy-
hemoglobin c onfiguration. + The released H also binds to Histidine 8 146 
forming a H-bond between Aspartic a c id 894 and Histidine 8146. This 
+ 
reac tion c an also occur at 8 NH 2-termini, but the release of H may 
be balanced by a disruption of DPG binding (see below), and be c ause of 
this promotes the relaxed or oxyc onfiguration (Kilmartin and Rossi-
Bernardi, 1969; Dic kerson and Geis, 1983). Farmer (1979) has described 
spec ific CO2 effects on the hemoglobins of a number of South Ameri c an 
fishes, lungfish, Lepidosiren paradoxa; c atfish, Brac hyplatystoma sp. 
and hoplo c atfish, Hoplosternum littorale. Given c omparable CO2 tensions, 
the effect was rOHgh1y the same for all hemoglobins tested. The single 
exception involved the Amazonian c atfish, Brac hyplatystoma spp. In 
this instanc e, the effect of CO2 was approximately twice as great as 
that for othe r spe c ies, and equal to that found in human hemoglobin. 
This similarity suggests that the NH 2-termini of the globin c hains in 
this fish hemoglobin behave as do those of human hemoglobin. The 
lesser CO 2 effec t on other hemoglobins suc h as those of carp and 
trout, may stem from bloc king of a chain NH 2-termini. In the a chains 
of c arp and trout hemoglobins, the N-terminial amino a c id residue, 
serine is a c etylated preventing the binding. of CO 2 to the c han ins 
(Hilse and Braunitzer, 1968; Bossa et al, 1976). However, in the 8 
--
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c hains of c arp and trout hemoglobins, the N-terminal residues, Valines , 
are free as in human hemoglobin. Consequently, they can react with CO 2 
to form c arbamino compounds. 
The second, and more important CO 2 effect is termed to the Bohr 
effect; a decrease in oxygen affinity with decrease with pH. In 
aqueous solution, CO 2 is hydrated to c arbonic a c id whi ch , in turn, 
+ dissoc iates into Hand HC0 3 ions. Within red cells the reaction is 
c atalyzed by c arbonic-anhydrase; an enzyme notable for its very high 
turnover number. 
+ H2C0 3 
+ 
H 
This effect relates to the a ct ion of c arbonic a cid as a proton 
donor, rather than to CO 2 per se. CO 2 enters the red cells, and c arbonic 
- + 
anhydrase generates HC03 and H. Since the red c ell membrane is more 
permeable to HC0 3 than H+, intrace llular pH decreases and H+ (Bohr 
protons) c ombines with hemoglobin, enhancing oxygen unloading through 
faci litation of the tense, deoxyhemoglobin configuration. Although the 
original Bohr effect was described only in terms of CO 2 , the term is 
. + 
now used both for the effects of CO2 and pH. Inc reased red cell [H 1 
within the range of pH 6 and 10 favors the tense configuration through 
protonation of Histidine S 146, the amino termini of the a chains, 
Histidine a 122 and Histidine S 143 and the strengthening of saltbr idges 
and hydrogen bonds (Dickerson and Geis, 1983). Hence, it can be said 
that the Bohr effect is the result of a competition between the bindings 
+ 
of oxygen and H to hemoglobin. 
+ HbH 
n 
+ ---'>. 
-,--
+ 
+ 
nH 
Bohr effect c an be des c ribed in equation form, 
(0) Bohr factors = 1I1og PSO lIpH 
pH is thus one of the mos~ important fa c tors influencing the 
position of the OEC. For example, in rainbow trout, the OEC is shifted 
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to the right below pH 7.3, de c reasing oxygen affinity (Brunori, 197 5) . 
The eff~ct of pH on the shape of the OEC; i.e., change in In' value, 
has also been examined in fish hemoglobins (Root, 1931; Manwell, 
1960) . In the c ase of rainbow trout, HB IV (Brunori, 1975), the n value 
changes from a maximum of approximately 2.0 at pH 7.5 to less than 1 at 
pH values below 6.5 and above 8.0 (Weber et aI, 1976). 
(3) The Root effect: 
Root (1931) observed that fish blood showed a marked loss of 
In the oxygen capacity at high CO2 levels; the so-called Root effect. 
+ Bohr effect, CO2 and H shift the OEC to the right and, because of this, 
hemoglobin unloads oxygen. In the instance of the Root effect, oxygen 
+ loading is actually reduced as CO2 and [H 1 increases. As mentioned 
earlier, the shape of the c urve is determined by the value for n. If 
n is less than unity (for example, in rainbow trout HB IV as noted 
above) it shows negative heme-heme interactions (Manwell, 1960). This 
diminution in oxygen carrying capacity at relatively high and low pH 
values is thus quite distinct from the Bohr effect on oxygen affinity 
(Manwell, 1960). 
(4) The effect of organic compounds: 
The red cells of many vertebrate species generate organophosphates 
of various types, and these are normally retained in the cells . Organo-
phosphate binding to hemoglobin, with consequent effects upon oxygen 
affinity was initially reported by Chanutin and colleagues (Sugita and 
Chanutin, 1963; Chanutin and Curnish, 1964; Ludewing and Chanutin, 1964). 
The anucleated erythrocytes of mammalian species typically form 2,3-DPG, 
but contain ATP, GTP and other compounds in lesser concentrations. In 
the nucleated red cells of non-mammalian vertebrates, a wide range of 
such materials are found, with ATP and GTP predominant in fish erythrocytes 
(Bartlett, 1970; Gillen and Riggs, 1971; Powers and Edmundson, 1972a, 
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Wood and Johansen, 1972; Geohegan and Poluhowic h, 1974). In terms 
of their effects on mamma l ian hemoglobins: 2-3DPG > GTP> ATP > ADP> AMP> 
pyrophosphate> inorganic phosphates (Bunn et~, 1971 ). Organophosphate 
modulation of hemoglobin-oxygen affinity has been studied most 
extensively with respect to 2,3 - DPG and ATP. The influenc e of 
organophosphate c ompounds on affinity is formally identi cal to that 
of protons, since all involve heterotrop ic allosteric interactions 
between oxygen and phosphate binding sites. The overall reaction is as 
below: 
+ NTP ~ Hb.NTP + 
In human hemoglobin, one mole c ule of 2,3-DPG binds between the 
ends of the 6 c hains of deoxyhemoglobin (Figur e 8). The five negative 
c ha r ges of organophosphate interac t with the positive c harges on the 
side c hains of Histidine 6 2, one of the 2 Lysines 682, Histidine 
6 143 and Valine 61 (Arnone, 1972). In the oxygenated state, howeve r , 
this 2,3- DPG poc ket be c omes smaller due to the movement of 6 chains. 
Consequently, the DPG molec ule is, in a sense, "squeezed" out of its 
poc ket. It is believed that this site is responsible for organic phos-
phate binding in f i sh hemoglobins as well, because the homologous 
residues, Valine 61, Lysine f; 82, Arganine 6 143 and Glutam.i c a cid 6 2, 
a r e found he re in most fish hemoglobins (Powers and Edmundson, 1972b). 
In addition to allosteric effec ts, these c ompounds have another 
influence on oxygen affinity. Si nce the red c ell membrane is 
impermeable to organophosphates, they also affec t the Donnan distr i bution 
of protons (Wood and Johansen, 197.3a). Decreases in ATP c oncentration, 
+ for example, allow more H to move out of the erythrocyte. Bec ause 
of this intraer ythrocytic pH increases, and the antic ipated effect of 
reduced H+ c oncentration is seen; i.e., affinity increases. 
Bec ause of their c ommon binding site s on 6 chains, CO 2 and 
Figure 8 Amino a cid side c hains around the DPG 
(ATP)-binding site. 
(From Dickerson and Geis, 1983) 
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organophosphate molecules c ompete wi th eac h other. This relationship 
i s obvious in many experiments. For example, in c arp hemoglobin, 
organophosphates mask CO 2 effects below pH 8.3. At higher pH values, 
the CO 2 effec t is more pronounc ed, even in the presence of organo-
phosphates. This is thought to reflec t inc reased carbamate formation 
as c ompetition with organophosphate decreases (Weber and Lykkeboe, 
1978) . 
The decrease in organophosphate effects at high pH levels was 
studied in some detail by Powers and Edmundson (1972a,b), Gillen and 
Riggs (1972), Mied and Powers (1978), and Greaney and Powe rs , 1978. As 
mentioned earlier, phosphates c an bind only to deoxyhemoglobin molec ules 
which are highly protonated at their S chain NH 2- termini. At high pH, 
H+ ions are scarce and S-NH2 termini are only partially protonated. 
Consequently, hemoglobin-phosphate affinity is reduced as pH increases. 
This o c currenc e has been tested in fishes such as carp (Gillen and 
Riggs, 1972; Weber and Lykkeboe, 1978 ) and rainbow t r out (Weber et aI, 
1976 ). 
(5) The Effects of inorganic ions: 
Both monovalent and divalent inorganic ions are effec tive modulators 
of hemoglobin-oxygen affinity in vertebrates. The divalent cations, 
+2 +2 Ca and Mg form complexes with nucleoside triphosphates (NTP) 
denying interaction with hemoglobin. +2 Thus, by increasing red cell Mg 
the effective level of organophosphate conc entrations that able to bind 
to NH 2-termini of the S chains c an be reduc ed, and vice versa. Because 
nucleoside triphosphates such as ATP, GTP are of paramount importanc e 
in fishes, adjustments of this kind are not unc ommon {Weber and Lykkeboe, 
+2 1978; Houston and Koss, 1984~ . The result of an inc rease in Mg ,NTP 
being constant, is to shift the OEC left. +2 Deoxyhemoglobin and Mg 
are c ompetitors, binding reciprocally with organic phosphates (Bunn et aI, 
1971), and their relative affinities are: HbDPG > HbATP > MgATP > MgDPG. 
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An interesting outcome of this in mammals is that ATP is rarely involved 
in aff inity modulation despite its abundance in erythrocytes 
( [ATP] "" 0.2 X [2, 3 - DPG]). +2 +2 Compared to Ca ,Mg is more effective 
in modulation. Bunn et al (1971) have estimated that approximately two-
. +2 
thlrds of the Mg present in the deoxygenated mammalian red cell is 
ATP~complexed. 
Other anions influence the relationship between the relaxed and 
tense hemoglobin configurations. Notable among these is chloride. 
+ Increases in Cl level act functionally as do H , and organophosphates 
to decrease oxygen affinity in the absence of DPG or ATP (Benesch 
and Benesch, 1967). In addition to sites between the two S chains, Cl 
binding sites are also located at the NH2-termini of a chains (Figures 
-6a and 7). Here, Cl assists protonation, and forms a saltbridge 
between the a NH terminal residue and Arginine 141 of the opposite 
2 
a chain. 
Like ca+ 2 and Mg+2 the monovalent cations, Na+ and K+, can bind 
weakly to organophosphates (O'Sullivan and Perrin, 1964; Perrin and 
Sharma, 1966), and influence interactions between organophosphates 
and divalent cations to some extent. Such monovalent cation-organo-
phosphate complexes are, however, characterized by low stability 
constants and they do not greatly affect oxygen-hemoglobin affinity. 
In the carp, Na+ slightly increases the oxygen affinity of stripped 
hemoglobin, indicating some facilitation of interactions between Na+ 
and oxygen binding sites (Weber and Lykkeboe, 1978). Rossi-Fanelli 
et al (1961) and Bunn et al (1971), however, showed that at equivalent 
concentrations, K+ reduces oxygen-hemoglobin affinity more than did 
+ + 
The effects of Na and K are, however, small in comparison to 
those of other modulators. 
(5) The effect of temperature: 
Temperature effects on oxygen affinity were first reported by 
46 
Barcroft and King (1901) who noted that increases in temperature 
reduced affinity. Because the binding of oxygen to hemoglobin is 
commonly an exothermic reaction which follows Le Chatelier's principle, 
this is not surprising. However, there are some exceptional cases 
among teleosts. For example, tuna hemoglobin is not sensitive to 
temperature, (Weber e~ aI, 1976). Increasing temperatures are associated 
with increased metabolic oxygen demand and reductions in pH (Eddy, 1971). 
If the hemoglobins of ectotherms have sensitivity to both temperature 
and pH, this dual effect can easily shift the OEC to the right, and 
drastically change the affinity. 
Johansen and Lenfant (1972) hypothesized that lowering the temper-
ature dependence of hemoglobin might be an appropriate adaptation to 
large fluctuations in environmental temperature, citing as examples 
the Australian and African lungfish, and the bottom-dwelling skates. 
Powers, et al (1979), however, pointed out many exceptions to this 
generalization, noting that" •• the temperate species in our 
study have hemoglobins with thermal sensitivity similar to those of 
their tropical counterparts • •• " Moreover, they also noted that the 
euryhaline killifish, Fundulus heteroclitus, whose habitat exhibits 
both annual and daily thermal gradients possesses hemoglobins as 
thermally sensitive as those of fish from constant thermal environments • 
They, therefore, concluded that" • a generalized theory regarding 
hemoglobins, habitat and thermal stability does not appear to be 
jus ti fied. . . II 
III. Multiple Hemoglobin Components: 
. . 
In contrast to the mammals and birds, fish, amphibians and reptiles 
typically exhibit a multiplicity of hemoglobins (Gratzer and Allison, 
1960). As all are ectotherms, Riggs (1970) has suggested that possession 
of multiple hemoglobins may confer adaptive advantages. Riggs (1970) 
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also discus s ed the occurrence of mul t.iple hemoglobin components in 
poikilotherms and pointed out the possible causes. Among the more 
important of these are the following: 
(1 ) Reaction of NH2 -terminal group of..!!:.e · polypeptide chain: 
Binding of an ace tyl or other blocking group to the NH 2-termini of 
globin chains causes changes in the net charge on the hemoglobin 
molecule. NH -termini of the a chains of all fish hemoglobins tested 
2 
so far including t rout's are acetylated. If this reaction is incomplete, 
multiplicity of h emog lobin components will occur. 
(2) Allosteric Effectors: 
The binding o f DPG, ATP and inositol polyphosphatesto deoxygenated 
hemoglobin produces an electrophoretically distinct component (Chanutin 
and Curnish , 1964, 1967; Benesch and Benesch, 1967, 1969). 
(3 ) Environmental conditions : 
Because of their dependence on the metabolism, organophosphate 
levels in red cells often vary with environmental conditions. Through 
the levels of allosteric modulators, it can be assumed that environmental 
conditions also cause multip le Hb components. 
(4) Mutation: 
The wide-spread occurrence o f multiple components with different 
amino acid c ompositions and functions, indicating extensive gene 
duplication followed by mutation is a major cause of multiplicity. 
Riggs (1979) r eviewed a functional classification of fish hemolysates 
described by Weber ~!:. al (197Eb) as follows. 
Class I hemolysates contain one to several hemoglobin components, all 
o f which are s e nsitive to pH and al l h ave similar but not identical 
functional properties . This class includes the hemoly sates of carp, 
the Rio Grande cichlid (Cichlas oma cyanoguttatum), plaice, f l ounder and 
the bowfin, Amia. Class II hemolysates contain multiple componen ts 
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which are different in functional properties. Generally, the electro-
phoretically anodal components are like those in Class I, but the 
cathodal components lack the normal pH and temperature sensitivities 
of ligand binding. The hemolysates of trout, eel, salmon belong to 
this class. Class III hemolysates such as that of tuna, are pH- but 
not temperature-sensitive in ligand binding. 
It is assumed that hemoglobin isomorphs with different physiological 
properties participate in hematological adaptation. For example, the 
proportions of certain hemoglobin polymorphs change with thermal 
acclimation in trout and goldfish (Houston and Cyr, 1974; Weber etal, 
1976c). Weber et al (1976c) suggest that hemoglobins which are 
insensitive to temperature may stabilize the oxygen affinity when the 
temperature varies. 
IV • Adapti ve Hematological Response - Hypoxia 
As noted previously, oxygen availability is a critical factor for 
aquatic organisms, and especially for those living in habitats in 
which they are exposed to hypoxia. To some extent, metabolic shifts 
can compensate for this. Under hypoxic circumstances, blood lactate 
levels in fishes are elevated significantly as a result of increased 
anaerobic metabolism. Holeton and Randall (1967 ), for example, 
demonstrated that in rainbow trout blood lactate increased by a factor 
of two to three following exposure to hypoxia. Similar results were 
reported by Greaney and Powers (1978) for Fundulus heteroclitus and by 
Black (1955) in several salmonid species. Both arterial and venous 
Pco levels also increases under hypoxic conditions. For example, in 2 
rainbow trout, Pco in arterial and in venous blood were 1-1.5 and 
2 
2.5 mmHg respectively under normoxic conditions, but increased to 3.5-4 
and 4.5-5.00 mmHg at hypoxia (Holeton and Randall, 1967). The latter 
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values are close to the maximum levels seen in aquatic animals . 
Consequently, blood pH decreases . In the study cited, for instance, pH 
under normoxic conditions was 7.7 but fell to 7.4 during hypoxia 
(Holeton and Randall, 1967). Decreases in blood pH, of course, decrease 
oxygen-carrying capacity (Root effect). There are also many reports 
indicating a decrease in the arterial oxygen tension and in the differ-
ence between the arterial and venous oxygen tensions in fish (Hole ton 
and Randall, 1967 ; Wood and Johansen, 1973b; Eddy, 19T1 ) . Because of 
these effects, if there were no adaptations in the blood oxygen binding 
properties, oxygen-requiring tissues would seriously suffer from 
oxygen deficiency. Although acidosis is an adaptation in some hypoxic 
teleosts such as rainbow trout occupying well-oxygenated waters 
(Soivio et a~, 1980), hypoxic carp (Weber and Lykkeboe, 1978) and 
killifish (Greaney and Powers, 1978) did not show any changes in blood 
pH. 
Soivio etal (1980) have concluded that no variation in blood pH 
of fishes, for example, carp and killifish which occupy less-oxygenated 
waters, is well suited to withstand low environmental oxygen level in 
this kind of habitat. 
Powers (1980) and 'Vveber (1982) generalized two types of responses 
found under such circumstances; an immediate cardiovascular-ventilatory 
response, followed by acclimatory hematological response . The primary 
concern of this study is with hematological aspects of response and, in 
particular, those associated with oxygen-carry ing-capacity and hemoglobin-
oxygen affinity . As noted initially, the former, with cardiac output, 
establish the maximum rates at which oxygen can be delivered to tissues . 
It is the latter, however, which govern the extent to which this potential 
can be r e alized. Studies on acclimatory changes in oxygen carrying 
capacity have generally involved measurement of all, or some of the 
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primary hematological indIces (Hemog l obin, hematocrit , red cell numbe r) 
and paramete rs derived from these (mean erythrocytic volume, mean 
erythrocytic hemoglobin , mean erythrocyt ic hemogJobin c ontent). The 
latter are defined as: 
Mean erythrocytic volume 
Mean erythrocytic hemoglobin Hb (1 00) / Bc t 
Mean erythrocytic hemoglobln content 
where : Hct hematocr it. (%) 
r < 
RBC X ]O-o/mm~ erythroc yte number 
Hb . _ ··1 blood hemog l obIn content (g.d l ) 
The most common ly mea sut"ed and most readily determin c'd pt"J.mary i ndex 
is hematocrit (Figur e 9) . Inc reases in hematocrit which may be indicative 
of increased oxygen-carrying c apacity may stem from the libe r ation of 
stored erythrocytes from the spleen (Johansen and Hanson, 196 7; Lane , 
1979) or, in the longer term , from i ncreased erythropoiesis. However, 
they may also result from increased diuresis (Wood and Rand al l , ]97 3 ; 
Swift and Lloyd, 1974) and a decline in plasma vo l ume, fr om e ry throcyte 
swelling (Black and Irving, 1938; Soivio and Nikinmaa , 1981; Nikinmaa 
and Soivio, 1982) or from a shift of extra cellular f l uids i nto the 
cellular c ompartment (Cameron , 1970). The latter factors also 
influences the other primary indices as well. 
Furthermore, specimen size may influence r esponse . Smeda and 
Houston (1979) I for example, reported marked hematological response s 
in smaller carp, and no obvious response in larger animals. They 
suggest that discrepancies fou nd i n the literature may stem, in part 
a8 least, from thi s. Beyond this , o f course, a number of factors may 
affect capaci ty to respond . Notable among t he latter is nutrition. 
Although i ncreased blood hemoglobin content is regarded as a critical 
form of adaptation, it does not seem to be a consistent fe ature of 
response (Weber , 1982; Nikinmaa and Soivio, 1982) . For example, in 
Figure 9 Effects of water 02 tension 
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carp (Weber and Lykkeboe, 1978) and rainbow trout (Soivio and Nikinmaa, 
1981i Nikinmaa and Soivio, 1982) hemoglobin content did not change 
significantly under hypoxic conditions. On the other hand, Soivio 
et al (1980) reported a 25% increase in the oxygen-carrying capacity 
of rainbow trout within 6 hours of exposure to hypoxia . This resulted 
from elevation in both h e matocrit and h emoglobin content . 
Hemoglobin-oxygen affinity increases under hypoxic circumstancesi 
partly as a result of erythrocyte swelling (Weber et al, 1976aiSoivio 
and Nikinmaa, 1981) (Figure 9) . Such volume increases may be unde~r 
hormonal control . Kregenow (1973) reported that noradrenaline induced 
swelling in duck erythrocytes. Injection of adrenaline prompts a 
similar response in rainbow trout at 140 C (Nikinmaa, 1981) . Rudolph 
and Greengard (1980) suggested that swelling under isosmotic condition 
is under adrenergic control, and caused by inward cotransport of Na+ 
+ 
and K , followed by water . Black and Irving (1938), who first described 
this phenomenon, thought that it might b e a result of increases in blood 
lactic acid levels. Later Irving et al (1941) and Benditt et al (1941) 
hypothesized that changes in PC02 was the initiating factor. In flounder, 
Platichthys flesus, (Fugelli, 1967) and rainbow trout (Soivio and N'yholm, 
1973) such swelling is reversible: w,hen exposed to reduced P02 
erythrocytes swell, but then shrink when oxygen tensions are increased. 
Erythrocyte swelling constitutes an interesting aspect of response 
because of the effects of volume changes on oxygen affinity (Weber et al, 
1976a) . Reductions in erythrocytic hemoglobin and organophosphate 
concentrations are combined with increased cell volume. This reduces 
organophosphate-hemoglobin interaction, and is coupled wi th incre,ases 
in pH as a result of changes in the Donnan distribution of H+ (Wood and 
Johansen, 1973a) . Consequently, oxygen affinity is raised . In carp 
acclimated to hypoxia, for example, P50 decreases from 7 . 0 to 3.0 mmHg 
(Weber and Lykkeboe, 1978) . Similar results have also been reported for 
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eel, An~uilla anguilla (Wood and Johansen , 1973a; Weber et al, 1975), 
the benthic flounder, Pleuronectes platessa (Wood et a~, 1975) and 
rainbow trout (Soivio et al, 1980; Soivio and Nikinmaa, 1981) . 
Dilution o£ concentration of modulatory solutes by volume changes 
is an essentially passive phenomenon. Organophosphate levels can also 
be adjusted in a more active fashion by changes in oxidative phosphorylation . 
This process is the primary source of most organophosphates in nucleated 
cells and mod ulator s ynthesis is oxygen-:dependent. It is not surprising , 
therefore, that organophosphate levels in red cells decrease during 
hypoxic stress. The resulting decrease in [ ATP ] : [ Hb ] ratio then leads 
to increased oxygen affinity, enhancing branchial oxygen uptake and 
partially, at least, compensating for the initiating stress (Greaney 
and Powers, 1978). 
The question of hemoglobin system organization in relation to 
oxygen availability, one of the foci of this study, has received 
relatively little attention. Indeed, the biologica l significance of 
hemoglobin heterogeneities has not been clearly demonstrated although 
the hypothesis has been advanced that such heterogeneity may represent 
adaptation to variable environments (Sullivan, 1977) . Several studies 
have demonstrated changes in hemoglobin isomorph abundancies in relation 
to the thermoacclimatory process (Houston and Cyr, 1974; Houston et al, 
1976; Houston and Rupert, 1976). Seasonal variations in the relative 
proportion and number of isomorphs in carp and yellow fish, Barbus holubi 
have also been reported (Fourie and Van Vuren, 1976). The effect of 
hypoxia has not been considered in detail as yet . However, Wood and 
Johansen (1972) in studies upon the eel, Weber and Lykkeboe (1978) on 
carp and Giles and Vanstone (1976) on coho salmon, Oncorhynchus kisutch, 
could dete ct little change in hemoglobin component abundancies in relation 
to hypoxia . In part, at least, this may reflect the relatively insensitive 
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electrophoretIc procedures employed. 
To have potential adaptive value, the components of multiple 
hemoglobin system must satisfy two criteria. First, they must exhibit 
functIonal differences. Second, they must exhibit adaptively appropriate 
changes in abundancy either through deaggregation-reaggregation 
phenomena or as a consequence of differential synthesis. Among the 
hemoglobin isomorphs of eels, the cathodic HbI has lower P50 and 
h igher n values than do anodic components (Weber et~, 1975. 
Not only eel HbI is more sensitive to organophosphates than the anodi~ 
fractions, it also exhibits a reverse Bohr effect (increase i n P50 
with increasing pH). Because of these qualities, the PSO of HbI is 
strongly reduced; i.e ., its oxygen affinity increased during hypoxia 
as a result of the decreased phosphate contents (Weber et al r 
1975). Thus, W'eber et al { 1975 ) concluded that HbI is mainly 
responsible for the adaptation of blood oxygen affinity to ambient 
oxygen tensions. Although the authors did not report whether the 
actual contents of these isomorphs varied with hypoxia or not, no apparent 
influence on their relative concentrations was observed. Br unori et al 
(1979) have also examined Amazonian catfish , Pterygoplichthys parodalis, 
a species usually found in hypoxic areas, in this respe c t. The major 
hemoglobin fraction, approximately 50% of total hemoglobin, has a 
comparatively small Bohr factor and exhibits ATP-dependent variations 
in affinity. The other group comprising Components II, III and IV are 
characterized by very large Bohr fa ctors and oxygen affinity independent 
of ATP. 
V. Adaptive Hematological Responses - Temperature 
Several studies (De Wilde and Houston, 1967; Houston and De Wilde, 
1969; Cameron, 1970; Houston and Cyr, 1974) have reported thermo-
acclimatory increases in hemoglobin content in brook and rainbow trout, 
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goldfish, pinfish, La9"odon spp. and striped mullet, Ivlu9"il cephalus. 
This is usually associated with increase in the number of red cells, 
reduction in mean erythrocytic volume and minor increases in cellular 
hemoglobin content (Houston, 1980). However, as previously noted, 
responses of this type are notable for inconsistencies in magnitude 
and occurrence. For example, although two studies (De Wilde and 
Houston, 1967; Houston and Cyr, 1974) on the rainbow trout demonstrated 
elevation in overall hemoglobin content and red cell numbers, moderate 
reductions in cell volume and minor increases in mean erythrocytic 
hemoglobin content, a nother study by Houston and Smeda (1979) showed 
statistically insignificant changes of these parameters. 
Decreases in hemoglobin-oxygen affinity, which would facilitate 
oxygen release to tissues, are a common result of thermal acclimation 
(Figure 9). These have been demonstrated in a number of species 
including the lungf~sh, Lepidosiren paradoxa, hoplo catfish, Ho£lerxthrinus 
unitaeniatus, catfish, Synbranchus marmoratus (Powers et al, 1979 ) and 
Australian blackfish, Gadopsis marmoratus (Dobson and Baldwin, 1982). 
In part, at least, these decreases in P50 can be ascribed to changes 
in overall enthalpy (6H obs). The latter includes intrinsic heat of 
oxygen binding (6Ho), heat of solution of oxygen (6H sol)aand heat of 
protonation and of the blood buffer system (6Hi and 6Hb) (Wyman, 1964; 
Weber, 1982). 
fl.Hobs 2.303 R fI. log P50 
fl.l/T 
Reduction in fl.H is thought to be an important adaptation in some 
species of fish living in thermally-fluctuating environments since it 
leads to a lowering in temperature sensitivity. This has been reported 
in rainbow trout (Brunori, 1975), desert sucker (Powers, 1980) and the 
blue fin tuna, Thunnus thynnus (Rossi-Fanelli and Antonini, 1960). 
Hochachka and Somero (1973) suggest that adaptations of this kind in 
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species such as tuna are associated with maintenance of thermal 
gradients between the peripheral and core body regions. If tuna 
hemoglobin had a "normal" 6H, cool, peripheral blood entering the warmer, 
deep muscle mass might well unload oxygen very quickly, prompting form-
ation of gas emboli. Generally, relatively temperature-independent 
hemoglobins in polymorphic system are accompanied by other components 
displaying more thermal sensitivity (Powers, 1980). For example, in 
rainbow trout the Brunori fraction I (Brunori, 1975) exhibits a 6H of 
-1 
-3 to -4; that of fraction IV is -15 to -16 Kcal mole • As noted 
earlier, however, evidence supporting the concept of evolutionary 
development of thermally less sensitive hemoglobin components in 
fishes living in fluctuating thermal environments is not strong 
(Powers, 1980) a lthough there are exceptions, acclimation to higher 
temperatures is often associated with decreases in hemoglobin-oxygen 
affinity . For example, the ki llifish of daily temperature fluctuating 
-1 
environment has hemoglobin components with high 6H, -15 to -16 Kcal.mole 
Furthermore, some teleosts such as the bowfin, Amia spp. (Johansen 
and Lenfant, 19 72) , the bullhead, Ictalurus nebulosus (Grigg, 1969) and 
killifish (Powers , 1980 ) display the opposite response in that increases 
in oxygen affinity are seen with increasing temperature. The hemoglobin 
of Ictmurus has a very high oxygen affinity and low Bohr effect, and 
these properties are considered as adaptations to live in stagnant 
waters of low oxygen content; i.e . , they permit maximum usage of such 
oxygen as is available (Haws and Goodnight, 1962). 
As described earlier intraerythrocytic pH, organophosphate levels 
and intraerythrocytic ion concentrations contribute to adjustments in 
oxygen-hemoglobin affinity. In Australian blackfish, both total NTP 
level and [NTP J:[Hb J are significantly increased while pH is decreased 
o 0 
upon exposure to a temperature increase from 10 to 20 C (Dobson and 
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Baldwin,1980). These two factors seemed to be the major modulators 
in regulating the oxygen affinity in this species. A decline in [ATP]:[Hb], 
however, was reported in catostomid species (Powers, 1974) and killifish 
(Powers, 1980) - increasing hemoglobin-oxygen affinity - following 
acclimation to higher temperatures. Interestingly, Weber et al (1976p ) 
reported no significant charges in NTP and [NTP]: [Hb] in rainbow 
trout acclimated at 50, 150 and 22 0C indicating no effect of acclimatory 
temperature. Houston and Koss (1984b) reported recently that at near-
lethal higher temperatures (24 - 260C) NTP level increased. Hemoglobin 
drops sharply, [Mg+2]: [ATP] declines and [ NTP] : [Hb] increases 
favouring an increase in organophosphate influence. 
Thermal acclimation also leads to changes in cellular levels of 
modulatory inorganic. ion as well. Several studies on the variations 
in ionic compositions of fish erythrocytes have been carried out 
(Houston and Mearow, 1979; Houston and Smeda, 1979; Koss and Houston, 
1981; Houston and Koss, 1984a,b). Houston (1980) reviewed ionic 
changes in rainbow trout and carp under thermal stress. Red cell 
+ 
K levels increase significantly, but Na+ is reduced equivalently by 
acclimation of rainbow trout to high temperature. Chloride level is 
+2 +2 
moderately elevated, with the converse being true of Mg and Ca • 
+ In carp, K concentration is similar to that found in trout, but changes 
are insignificant. Compared to trout, Cl level is elevated sharply . 
Nondetectable amount of Na+ in the erythrocytes of carp held at 20C 
rises five times between 160 and 300C. Contrast to Ca+ 2 which erythrocytic 
+2 
concentration is relatively thermostable, Mg level is reduced sharply. 
Ion : hemoglobin ratios were also described by Houston (1980). 
- +2 +2 
Those of Cl, Mg and Ca to hemoglobin in rainbow trout are thermally 
stable . However, K : Hb rises sharply at higher temperatures. [ K] : [ Hb] 
does not vary significantly in carp although both [CI][Hb]and [ Na+ ] : [ Hb] 
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are markedly elevated. 
The multiple hemoglobin system of teleosts are noteworthy for 
both quantitative and qualitative changes following thermal acclimation 
(Houston and Cyr, 1974; Houston et al, 1976; Houston, 1980). The 
goldfish represents unique example of the latter response. Animals 
held at 300 C exhibit three hemoglobin fractions of which one, 'Gl' 
component is absent at SoC (Falkner and Houston, 1966; Houston and Cyr, 
1974; Houston et al, 1976). The most abundant (70-82%) fraction, G2 
o 
declines significantly, while G3 (18-24%) increases at 30 C (Houston 
and Cyr, 1974). 
This qualitative response found in goldfish is quite distinct 
from that in the related carp. This species consistently exhibits three 
isomorphs between 50 and 300 C (Houston et al, 1976). All components 
are altered significantly; two minor components (C 2 ' C 3 ) increase in 
abundanc.e at higher temperatures while the principal isomorph, (C ) 
1 
declines. In rainbow trout, 9 well-defined fractions are consistently 
observed at all temperatures (Houston and Cyr, 1974). Seven, including 
the two major components changed significantly in their actual 
concentrations. 
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MATERIALS h~O METHOOS 
(1) Experimental stock and holding method: 
Rainbow trout having a mean weight of 73.0 g (39 . 5 - 108. 9 g) were 
obtained from a commercial supplier, Goosen's Trout Farm , Otterville, 
Ontario. They were inspected upon arrival and divided into two groups, 
both of which were held in recirculating, double-walled fibreglass 
tanks (LS-700, Frigid units Inc., Toledo, Ohio). Water in these tanks 
cycled completely everyl-~ minutes. Consequently, there was little 
evidence of spatial difference in dissolved oxygen levels and temperature . 
Each tank was equipped with an activated charcoal CuI-Brook water 
softening - dechlorination - filtration system (Culligan International 
Comp., Mississauga, Ontario) and a cooling system (BHL - 1076 coolers, 
Frigid Units Inc . ). Water temperatures were controlled by opposition 
of cooling and heating units governed by duty-operated controllers of 
local design and construction. This system maintained water temperatures 
within ± ic of the values cited. Initially trout were kept at water 
temperature equivalent to those in the hatchery; the acclimation process 
being initiated after a 7-day recovery from transport stresses . 
Animals were fed once daily before noon on Purina trout chow . After 
feeding, excess food and fecal material were removed from the tanks by 
siphoning. The walls of the tanks were scrubbed once weekly. 
(2) Acclimation: 
Studies were carried out on trout acclimated to 8 combinationsof 2 
levels of three factors : temperature (50 and 200C), oxygen availability 
(normoxia, 70-80% oxygen saturation; hypoxia, 25-35% oxygen saturation) 
and photoperiod (16L : 80 and 8L : 160 hours). Of these two combinations 
approximate what might be termed " winter" and "summer" conditions , i .e. , 
SoC, normoxia, 8L : 160 and 200G hypoxia, 16L : 80. The others were 
designed to combine all temperature, photoperiod and oxygen levels, 
Figure 10 Diagram of the degassing system used in the present 
study (Modified from Mount, 1964) 
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and to permit assessment of interactions between these variables, i. e ., 
(1) 2 & , normoxia, 16L : 8D 
( 2) o 20C , normoxia, 8L 16D 
o (3) 20C, hypoxia, 16L 8D (nominal 'summer' group) 
(4) 0 20C, hypoxia, 8L : 16D 
5) 
(5) SC, normoxia, 16L : 8D 
0 (6) SC, normoxia, 8L 16D (nominal 'winter' group) 
0 ( 7) SC, hypoxia, 16L 8D 
o (8) SC, hypoxia, 8L : 16D 
Animals were brought to their final acclimation temperatures 
(S OC, 20oC) at a rate of lOC per day. T t d d ' 1 empera ures were measure al y 
by M99 Electro therm digital thermometer. The circulating system 
provided approximately 75% oxygen saturation without supplementary 
aeration. A Mount-Brungs vacuum degasser (Mount, 1961, 1964) was 
used to establish hypoxic conditions (Figure 10) . An oilless vacuum 
pump (1022-103-G272x, Gast MFG. Corp., Michigan) was used to evacuate 
the degassing cylinder. Water was pumped into this at a rate of 100 
-1 
ml.min and passed over a series of stainless steel grids to increase 
the degassing surface area. Oxygen content in the water delivered to 
test tanks was maintained at 25-35% by means of a vacuum gauge. By 
regulating water inflow and outflow rates outflow water oxygen content 
ranged from 25-35% saturation. This was pumped into two plastic tanks 
3 (54 x 26 x 22 cm) covered with glass plates. The latter were positioned 
to allow overflow at the downstream end into the main holding trough . 
Oxygen levels were checked every day in both "normoxic" and "hypoxic" 
tanks using an oxygen meter (SlA, Yellow Springs Instrument) . 
Each tank was also equipped with a photoperiod hood which employe d 
an automatic time control system (T10l-70, Intermatic Incorp., 
Mississauga, Ontario) to regulate photoperiod . Two 40-watt light bulbs 
were used in each hood . Water pH was determined daily using a Fisher 
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Model 140 pH meter . All test groups were acclimated for a minimum 
of 3 weeks before sampling . 
(3) Blood sampling procedure: 
To avoid possible artefacts arising from chemical anaesthetization, 
individual fish was stunned by a blow to the head, and the scales 
posterior to the an al fin scraped off by scapel. Blood was withdrawn 
from the caudal vessels into 3cc. plastipak syring treated with 0.1% 
ammonium heparin (Sigma Chemical Co . , St. Louis, Mo., 50,000 units) 
and provided with an heparinized 23 gauge needle. 
Hematocrit and hemoglobin content were measured on freshly-drawn 
blood, while fresh hemolysates were used for electrophoretic separation . 
o 
Samples stored in individual, capped vials at -76 C were used for ion 
measurements. Previous studies (Houston and Smeda, 1979) have shown 
that plasma and packed red cell samples can be stored in this way for 
several months without significant compositional change . 
(4) Hematological determinations: 
(a) Hematocrit, Hct (%) 
Packed cell volumes were immediately determined in duplicate 
using Fisher microhematocrit capillary tubes (Drummond Scientific 
Co., Penna). The blood was drawn into the capillary tubes and centrifuged 
at 7000 r.p.m. for 5 minutes using an Adams microhematocrit centrifuge. 
Hematocrit values were determined by means of an Adams microhematocrit-
reader. 
-1 (b) Blood hemoglobin content, Hb (g . lOO ml ) 
The cyanomethemoglobin method was used for hemoglobin determination . 
Duplicate 10 ~l samples of whole blood were mixed with 5 . 0 ml of 
solution (pH 7.0- 7.4) containing K3Fe(CN)6' KCN, KH 2P04 and Nonidet 
p-40. This converted oxygenated hemoglobin to a stable cyanomethemo-
globin; KH 2P04 maintaining pH values within a 7.0-7 . 4 range to ensure 
rapid completion of reactions. Nonidet P-40, nonionic detergent was 
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used to suppress turbidity and facilitate hemolysis. Boehringer 
Mannheim Diagnostics standard hemoglobin solution was treated in the 
-1 
same way and used at several concentrations, 8.2, 12.1 and 16.3 g.lOO ml 
to establish a standard curve. Absorbancy values were determined at 540 nm 
using a Bausch and Lomb Spectronic 100 spectrophotometer . 
(c) -1 Mean corpuscular hemoglobin concentration, MCHC (g.lOO ml) 
MCHC was calculated from the hematocrit and total hemoglobin 
content using the relationship 
MCHC Hb X 100 
Hct 
(5) Electrophoresis: 
Whole blood was separated by centrifugation at 1200 g for 10 minutes 
in a Fisher model 59 centrifuge. Plasma was removed with a Pasteur 
pipette, and plasma at the top of the cell column was absorbed with 
the tip of a cotton swab. The packed red cells were then washed 
three times in 0.85% NaCl solution, and hemolysed in two volumes of 
distilled water. Hemolysates were stabilized by bubbling with 
carbonmonoxide. 
Electrophoresis was carried out using cellulose-acetate strips 
(Titan III-H, Helena Laboratories) in conjunction with Supre-Heme 
buffer (Tris-EDTA-Boric Acid Buffer, pH 8.2-8.6, 0.025 ionic strength). 
o 0 
All electrophoretic separations were carried out at 2-5C in a cold 
room at 400 volts for 20 minutes. After separation, strips were 
stained with Ponceau-S and washed in a series of 5% acetic acid-methanol 
baths to remove excess stain. They were then cleared in Cle~ Aid 
reagent (polyethalene glycol) and air-dried. Final oven drying was 
carried out at 7if-75°C to transparentize the strips. 
Hemoglobin isomorph mobilities were determined in relation to that 
of coelectrophoresed human Hb Al (AA2 hemocontrol, Helena Laboratories) • 
Densitometric tracings were obtained by scanning at 525 nm with a Helena 
Laboratories Model 1202 Auto Scanner. 
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(6) Magnesium determination: 
Freshly-drawn blood was aeparated at 2500 g for 10 minu t es in a 
Fisher centrifuge, plasma being removed b y Pasteur p i pette . Both plasma 
and packed cell samples were stored as previously noted before ana lysis. 
+2 In the case of red cel l Mg , 50 ~ l of pac ked cells were hemolyzed 
in 5 ml of distilled water and stored i n the ref rigerato r (2°C) for 1 
hour . 5 ml of 15.2900 g.lit- l SrC1 2 .6H 20 (BDH Chemicals Ltd., Poole , 
England) was then added. Cellular membra ne debris wa s removed by 
centrifugation in a refrigerated I EC c e nt rif uge at 3400 r.p.m. f o r 
20 minute s . In the c as e of the plasma, 100 ~ l of plasma was added into 
- 1 5 ml of 7.7 59 1 g.lit srC1 2 .6H 20, shaken and treated in the same 
manner. 
Standa r ds (BDH) were prepared with identical SrC1 2 levels. 
Ana ly s es were carr ied ou t by atomic absorption spectrophotometry using 
a Perkin-Elme r Model 372 AAS , the i nst rument being blanked with 7.607 
. -1 g.llt SrCl 2 . 6H 20 solut i on be t ween each measurement. To c he c k for 
d ri ft, a series o f 5 standards were measured betwee n duplicated samples. 
Sample ion concentrat ions were determined from the standard curve . To 
check the effi c iency of the ins trument , versatol (General Diagnostics , 
New Jer sey ), an artificial human se rum was used. 
(7) Chloride determination: 
10 ~l pa c ked cell samples we re pipet ted into 2 ml of HN0 3/CH 3COOH 
reagent solution, and 20 ~l samples o f pla s ma were prepared in the 
same way. Cell samples were held at 2°C in a refrige r ato r for 12- 24 
hours before analysis to facilitate complet ion of he molysis. Plasma , 
blanks, ve rsatol and standard s were treated in the same manner . 
A Buchler-Cotlove c hloridometer wa s used for chlor ide determinations. 
Prior to analysi s , 2 drops of gelatin r eage nt (0.62 g of a reagent 
containing 60:1:1 g e latin: thymol blue: thymol/IOO ml distilled 
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water) were added to eac h sample vial. The c hloridomete r system 
ut ilizes passage of a c onstant direc t c urrent between a pair of 
silver electrodes. This prompts release of silver ions at c onstant 
rate i nto solution. The end-po i nt is reached after all Cl has been 
prec ipitated in the form of AgC1 2 . Chloride c oncentrations were 
c alc ulated from the following relationship. 
sample c onc entration (mmol.li t -1) = Ts - Tb x Std. concentration 
Tstd - Tb 
where; Ts titrat i on time for unknown sample (sec ) 
Tb titration time fo r blank (sec ) 
Tstd = titration time for standard (sec) 
. . -1 Std. concentration = 3.9989 mmol.l lt 
(8) Trapped plasma fac tor: 
+2 Mg and Cl determinations in pac ked red cells invo l ve an error 
due to plasma entrapment within the interstices of the packed cell 
c olumn. Accordingly, intraerythrocyti c ion levels were corrected for 
trapped plasma using the equation (Houston and Smeda, 1979) 
Correc ted ion level (lnmol.lit -1) = 
(E) - (p X 0.0282) 
where; E 
0.9718 
-1 
unc orr e c ted ion level (mmol.li t ) 
-1 P ion level in plasma emmol. lit ) 
(9) Statistical analysis: 
Means, standard errors of the mean, standard deviations, variances 
and 95% confidence intervals were c alc ulated for all samples using 
procedures desc ribed by Sokal and Rholf (1969) on an Apple II c omputer. 
Signi fi c anc e tests were c arried out by three-way fa c toria l anova 
(ANOVA 3). Prior to AN OVA , data for hemoglobin c ontents, ion c oncen-
trations and hemoglobin frac tion c onc entrations were transformed to 
base-IO logarithms . Ar c sine transformation was carried out for 
hematocrit, i on:Hb and perc entage c oncentrations of hemoglobin c omponents. 
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Significance was attributed to differences at the 0.05 level or 
better. 
To identify the number of statistically distinct polyrnorphs 
graphical analysis of the 95% confidence limits of mean Rx values 
was used. Graphical analysis was carried out by using the following 
criteria. 
(1) If the 95% confidence interval for one sample overlaps the 
mean of the second sample, the samples almost certainly do not differ 
at the 0.05 level. 
(2) If the confidence intervals are of roughly the same magnitude 
and do not overlap, the samples almost certainly do differ at the 0.05 
level . 
(3) If the confidence intervals are not of the same magnitude and 
we can replace the smaller with the larger without overlap, the 
samples almost certainly do differ at the 0.05 level. 
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RESULTS 
Acclimatory Variations In Hematological Indices: 
Observations on the hematological indices considered in this 
study (i.e., hemoglobin content, hematocrit, mean corpuscular hemoglobin 
concentration) are summarized, with the outcome of analyses of variance 
in Table 2. All values for each specimen are summarized in Appendix 
Tables 1 to 8. 
Temperature: Significant, but not pronounced thermal effects were 
evident; animals at 200 C being characterized by higher hemoglobin 
levels than were those acclimated to SoC. This was, not unexpectedly, 
also the case with hematocrit as well . Mean erythrocytic hemoglobin 
concentrations were not, however, influenced by temperature. This 
suggests that increases in hemoglobin and hematocrit reflect increased 
numbers of red cells (i . e., erythropoietic stimulation) rather than 
increased hemoglobin synthesis by cells already in the circulation. 
Oxygen: Oxygen availability also influenced hemoglobin and hematocrit; 
exposure to hypoxic circumstances being associated with elevation of both 
indices. Comparison of mean values, and significance levels arising 
from variance analysis indicated that, under circumstances imposed, 
exposure to reduced oxygen had a more profound effect on blood 02-
carrying capacity than did increased temperature. Again, there was 
little change in MCHC, and this also pointed to the greater likelihood 
of erythropoietic activity than of hemoglobin synthesis in circulating 
cells. 
Photoperiod: Interestingly, reduced day length was also associated with 
increases in hemoglobin and hematocrit, but again, there was little 
alteration in MCHC. 
Although each factor considered had a significant effect on 
hemoglobin and hematocrit, significant interactions between them were, 
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Table 2 Summary of hematological measurements . 
Reported as the mean ± standard error of the mean 
(95% confidence intervals) 
Experimental Conditi ons Heasurements 
Temp °c 
- 1 
- 1 Oxygen % Li ght hr Hb g.dl Hct % HCIlC sr ·dl 
20 25- 35 16L: BO 7.4 ± 0.3 36 . 5 ± 1. 3 20:2B ± 0.31 
(Hypoxia) (6.7 - 8.1) (33 . 4 - 39 . 5) (19.60 - 20 . 97) 
20 25-35 BL : 160 9.B ± 0.4 45.9 ± 1.5 21. 40 ± 0 . 65 
(Hypoxia) (B.7 -10.S) (4 2.4 - 49.3) (19.96 - 22 . 83 ) 
20 70- 80 16L: 80 6.7 ± 0 . 4 32. 4 ± 2.2 20 . 90 ± 0.42 
(Normoxia) (5.7 - 7 . 8) (27. 4 - 37 . 4) (19 . 97 - 21. 83) 
20 70-80 8L:160 7.7 ± 0 . 3 34.1 ± 2 . 5 23 . 43 ± 1. 28 
(Normcxia) (6. 9 - 8 . 5) (2B.4 - 39 . 7) (20.60 - 26. 25 ) 
5 ' 25 - 35 16L: 80 7. 2 ± 0 . 5 32 . 4 ± 2.5 22.94 ± 1. 66 
(Hypoxia) (6.0 - B.4) ( 26.8 - 38. 1 ) (19 . 27 - 26 . 60) 
5 25- 35 SL:160 S.7 ± 0 . 3 41. 2 ± 2.0 21. 33 ± 0 . 42 
(Hypoxi a) (7 . 9 - 9.4) (36. 7 - 45 . 6) (20 . 39 - 22.26) 
5 70-80 16L: SO 6 . 9 ± 0.3 33 . 0 ± 1. 6 21. 14 ± 0.49 
(N o rmoxia) (6 . 2 - 7. 6) (29.3 - 36 .7 ) (20 . 06 - 22 . 23) 
5 70-80 SL:160 6 . 3 ± 0 . 4 2S.1 ± 2 . 2 22.66 ± 0 . 6S 
(Normoxia) (5 . 2 - 7. 3) ( 23 . 0 - 33 . 1) ( 21.16 - 24 .15) 
Anova Table 
Temperature P< 0 . 05 P< 0.05 i~ . S . 
Oxygen P< 0.01 P< 0 . 01 N.S . 
Photoperiod P< 0.01 P< 0.05 N. S . 
Temperature x Oxygen N.S . N. S. N. S. 
Tempe rature x Pho t ope riod P< 0 . 05 N. S. N. S . 
Oxygen x Photoperiod P< 0 . 01 P < 0 . 01 N.S . 
Temperature x Oxygen x Photope riod N. S . N. S . N. S . 
Figure 11 Relative nobilities (Rx) of rainbow trout hemoglobin 
isomorphs 
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with one exception, not detected. Oxygen interacted with photoperiod 
on both hemoglobin and hematocrit. 
Of particular interest was the comparison of groups under nominal 
"summer" and "winter" conditions . o . The former (20 C-hYPoxla-16L:8D) 
were characterized by significantly higher hemoglobin and hematocrit 
values than were animals exposed to the SOC-normoxia- BL:16D regime . 
These data suggested that, in terms of blood oxygen carrying capacity , 
the apparently stimulatory effects of heightened temperature and 
oxygen demand with reduced oxygen availability overrode the influence 
of extended day length. 
Hemoglobin System Organization. 
Figure 11 summarizes the distribution of rainbow trout hemoglobin 
mobilities encountered in the present study relative to that of human 
HbAl . Twelve isomorphs, designated C(cathode) 8 through A(anode)4 
were typically observed under the electrophoretic conditions employed. 
None were eliminated or added under the experimenal conditions imposed. 
Differences in relative abundancy were apparent (Table 4) , and it is 
convenient to group these isomorphs in order of decreasing represent-
ation as major (isomorphs C4, A3), intermediate (isomorphs C3, Al, CS, C6, 
C7) and minor components (isomorphs A2, Cl, C8, C2, A4). Particular 
emphasis will be given to the former groups in subsequent data treat-
ments since it may be reasonably argued that variations in minor 
components probably have little real impact upon gas transport capability . 
Table 3 and 4 summarize variations in relative (i . e., % of total 
hemoglobin) and absolute (actual) component abundancies. Again, each 
table includes the outcome of variance analysis, while individual data 
items have been compiled in Appendix Tables 18 through 33 . 
I 
I 
I 
I 
I 
I 
I 
I 
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I 
I 
Figure 12 (a) Sample cellulose acetate strip. 
(b) Diagram of the above sample strip. 
(c) Densitomatric tracing of the strip. 
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Major Comp onents 
The most abundant isomorphs, C4, constituted from 25 . 2 ± 0 . 47 
to 27 . 9 ± 0 . 51% of the total hemoglobin present, and this proporti on 
was not significantly influenced by differences in temperature, oxygen 
availability or photoperiod per~. One significant interaction was 
evident: that between temperature and photoperiod. 
The next most abundant fraction (A3, 17 . 2 ± 0.79 - 20 . 5 ± 0 . 43% 
was significantly affected by temperature, decreasing at the higher 
temperature, but by no other factors or combination of factors. 
On the other hand, the actual amounts of these hemoglobins were 
strongly affected by the variables considered. The amount of isomorphs 
o C4, for example, was significantly elevated at 20 C, under hypoxic 
condition and with reduced photoperiod . A significant oxygen-photo-
period interaction was also detected . In the case of isomorph A3 
temperature had no effect on actual concentration . Significant 
increases were, however, associated with hypoxia and abbreviated photo-
period . Not unexpectedly a significant interaction between photoperiod 
and oxygen was evident. This was also the case with temperature and 
photoperiod interaction . 
The elevation in abundancy of C4 in "summer" as compared to 
"winter" animals is therefore consistent with the effects of temperature 
and hypoxia which, together, appear to outweigh the influence of 
reduced photoperiod . A3 concentration was also elevated in "summer" 
trout . Temperature per ~ was apparently not a factor in this 
instance, reduction in oxygen availability being more important in 
this case, as with isomorph C4, than reduced day length. 
Table 3 Summary of percentage contents of hemoglobin components. 
Reported as the mean ± standard error of the mean (95% confidence intervals) 
Experimental Conditions Percentaqe concentrations of Hb com onents 
I'remp.oc Oxygen % Light hr. C4 A3 C3 Al C5 
20 25-35 16L: 8D 27.44 ± 0.50 17.82 ± -0.72 14.67 ± 0.59 10.78 ± 0.44 10.23 ± 0.51 
(Hypoxia) (26.34 - 28.55) (16.22 - 19.42) (13.36 - 15.98) ( 9.80 - 11. 75) ( 9.09 - 11.37) 
20 25-35 8L:16D 26.86 ± 0.34 17.75 ± 0.46 13.34 ± 0.44 10.57 ± 0.47 10.37 ± 0.38 
(Hypoxia) (26.10 - 27.62 ) (16.74 - 18.78) (12.36 - 14.32) ( 9.52 - 11. 61) ( 9.52 - 11.23) 
20 70-80 16L: 8D 27.41 ± 0.77 17.20 ± 0.79 15.68 ± 1.10 9.67 ± 0.46 9.95 ± 0.37 
Norrooxia) (25.71 - 29.11) (15.45 - 18.95) (13.25 - 18.10) ( 8.65 - 10.7 ) (9.13 - 10.77 ) 
20 70-80 8L: 16D 27.10 ± 0.42 18.72 ± 1.01 15.20 ± 0.74 10.65 ± 0.57 10.24 ± 0.33 
No rmoxia) (26.18 - 28 .0 3) (16 .43 - 20.96) (13.57 - 16.83) ( 9.39 - 11. 91) ( 9.50 - 10.98 
5 25-35 16L: 8D 25.23 ± 0.47 19.60 ± 0 .34 15.27 ± 0.64 7.94 ± 0.72 11. 28 ± 0.62 
(Hypoxia) (24.19 - 26.26 ) (18.84 - 20.36) (13.84 - 16.(9) ( 6.34 - 9.54) ( 9. 89 - 12. 66) 
5 25-35 8L:16D 27.20 ± 0.55 19.95 ± 0.69 14.28 ± 0.41 7.24 ± 0.89 10.14 ± 0.44 
(Hypoxia) (25.98 - 28.42) (18.41 - 21. 49) (13.36 - 15.20) ( 5.28 - 9.20) ( 9.16 - 11.11) 
5 70-80 16L: 8D 26.25 ± 0.47 20.47 ± 0.43 14.12 ± 0.67 11.25 ± 0.59 10.35 ± 0.54 
(No rmoxia) (25.21 - 27.28) (19.51 - 21. 44) (12.63 - 15.62) ( 9.94 - 12.56) ( 9.15 - 11.56) 
5 70-80 8L: 16D 27.90 ± 0.51 19.44 ± 0 .47 13.90 ± 0.48 11.38 ± 0.54 8.84 ± 0.54 
(i:-J"0 rrnoxia) (26.78 - 29.03) (18.41 - 20.48) (12.83 - 14.97) (10.18 - 12.58) ( 7.65 - 10.05) 
Anova Table 
Temperature N.S. P<O.Ol N.S. P<0.05 NaS. 
Oxygen N.S. N.S. N.S. P<O.Ol N.S . 
Photoperiod N.S. N.S. N.S. N.S. N.S. 
Temperature x Oxygen N.S. N.S. P<0.05 P<O.Ol N.S. 
Temperature x Photoperiod P<O.Ol N.S. N.S. N. S. P <0 .05 
Oxygen .x Photoperiod N.S. N.S. N.S. N. S. N.S. 
Temperature x Oxygen x Photo N.S. N.S. N.S. N.S. N.S. 
period 
---- -
C6 I 
I 
8.55 ± 0.29 
(7.91 - 9.18) I 
I 
8.99 :: 0.21 
(8 .53 - 9.46) 
8.14 ± 0.39 
(7.27 - 9.01) 
9.12 ± 0.26 
(8.54 - 9 . 70) 
8.73 ± 0 . 25 
(8.16 - 9.29) 
8.60 0 0.27 
(8.0 - 9.20) 
10 .35 ± 0 . 54 
(9.15 - 11. 56) 
8.84 ± 0.54 
(7.63 - 10.05 ) 
N.S. 
N.S. 
N.S. 
N.S . 
P<0.05 
N.S. 
N. S. 
-...J 
W 
Table 3 (Cont'd •• ) 
Experimental Conditions 
Temp.oc Oxyqen % Liqht hr. C7 A2 
20 25- 35 16L: BD 6.5~ ± 0.38 1.06 ± 0.24 
(Hypoxia) (5.74 - 7.44) (0.52 - 1.60) 
20 25-35 8L: 16D 7.36 ± 0.20 , 1.72 ± 0.28 
(Hypoxia) (6.92 - 7.80) (1.09 - 2.34) 
20 70-80 16L: 8D 6.05 ± 0.53 1.63 ± 0 .21 
(Normoxia) (4.84 - 7. 24) (1.15 - 2 .11) 
20 70-BO BL : 16D 6.79 ± 0.25 1.28 ± 0.24 
(Normoxia) (6.22 - 7.36) (0 .75 - 1.82) 
5 25-35 16L: 8D 7.22 ± 0.39 1. 24 ± 0.12 
(Hypoxia) (6.34 - 8.09) (0.96 - 1.51) 
5 25-35 BL: 16D 7.1B ± 0.37 1.07 ± 0.10 
(Hypoxia) (6.36 - 8.0 ) (0.84 - 1.30) 
5 70-80 16L: BD 7.14 ± 0.44 1.27 ± 0.23 
(Normoxia) (6.16 - 8.11) (0.74 - 1.BO) 
5 70- BO 8L: 16D 5.72 ± 0.32 1. 79 ± 0.23 
(Normoxia) (5.01 - 6.44) (1.27 - 2.31) 
Anova Table 
Tempe rature N. S. N.S. 
Oxygen P<0.05 N.S. 
Photoperiod N.S . N.S. 
Temperature x Oxygen N. S. N.S. 
Temperature x Photoperiod P<0 . 05 N.S. 
Oxygen x Photoperiod N. S . N. S. 
Temperature x Oxygen x N.S. P<O.Ol 
Photoperiod 
Percentaqe concentrations of Hb components 
C1 CB C2 
1.07 ± 0.17 0 . 65 ± 0.08 0.54 ± 0.11 
(0 .68 - 1.46) (0.47 - 0 .82) (0.28 - 0 . 80) 
0.98 ± 0.12 0.84 ± O.OB 0.B7 ± 0.09 
(0.71 - 1.26) (0.66 - 1.02) (0.65 - 1.09) 
0.83 ± 0.12 1.02 ± 0.10 0.99 ± 0.15 
(0.55 - 1.10) (O.BO - 1.25) (0.66 - 1. 33) 
0.78 ± 0.11 0.85 ± 0.06 0.75 ± 0 . 19 
(0. 53 - 1.03) (0.69 - 1.00) (0.32 - 1.18) 
0.97 ± 0.11 0.97 ± 0.11 1.04 ± 0.10 
(0.71 - 1.23) (0.73 - 1.22) (0.80 - 1.27) 
1.04 ± 0.09 0 . 93 ± 0 . 07 0.85 ± 0.13 
(0.83 - 1.24) (0.76 - 1.10) (0.56 - 1.14) 
0 .73 ± 0.10 0.90 ± 0.08 0 . 57 ± 0 . 05 
(0.51 - 0.95) (0.71 - 1.10) (0.44 - 0.70) 
1.01 ± 0. 1 8 0.63 ± 0. 09 0.72 ± 0.07 
(0.60 - 1.42) (0.42 - 0.85) (0.55 - 0.89) 
N.S . N.S. N. S. 
N. S. N.S. N. S. 
N.S. N.S. N. S. 
N.S . P<O .Ol P<0.05 
N.S. N.S . N.S. 
N.S. P <0.05 N.S . 
N.S . N.S. P<O.Ol 
-~ --- -- -- - -------_ ... _------
A4 
0.34 ± 0 . 07 
(0.18 - 0.50 ) 
0.69 ± 0 . 06 
(0.54 - 0 .85) 
0.85 ± 0.11 
(0.59 - 1. 11) 
0.53 ± 0 . 09 
(0.32 - 0.74) 
1.15 ± 0.11 
(0.89 - 1.41) 
0.71 ± 0 . 12 
(0.43 - 0.99) 
0.56 ± 0. 0 5 
(0.44 - 0 . 67) 
0 .76 ± 0.13 
(0.47 - 1.05 ) 
P<O.Ol 
N.S . 
N.S . 
P <O.Ol 
N. S . 
N.S. 
P<O . Ol 
--- ----
I 
-...J 
.!» 
Table 4 
-1 
Summary of hemoglobin polymorph contents (g .dl ). 
Reported as the mean ± standar d error of the mean (95% confidence intervals) 
-1 
Expe rimental Conditions Actual amounts of Hb components ~.dl 
Temp . oc Oxygen % igh t hr . C4 A3 C3 Al C5 
20 25- 35 16L : 80 2.02 ± 0 . 0 7 1.33 ± 0 . 08 1. 07 ± 0.04 0 . 80 ± 0 . 05 0 .75 ± 0 . 03 
(Hypoxi a) (1.86 - 2.19) (1.13 - 1.52) (0.97 - 1.18) (0.68 - 0 . 93 (0.66 - 0.83 ) 
20 25- 3 5 8L : 160 2.64 ± 0.15 1.74 ± 0 . 09 1. 29 ± 0.02 1.03 ± 0 . 06 1. 01 ± 0.05 
(Hypoxi a) (2.31 - 2.97) (1.53 - 1.95) (1.22 - 1.35) (0 . 89 - 1.17) (0.88 - 1.14) 
20 70- 80 l6L: SO 1.S7 ± 0 .16 1.16 ± 0 . 08 1. 08 ± 0 .1 3 0 .6 5 ± 0 . 04 0.67 ± 0.04 
(Normoxia) (1.50 - 2.24) (0. 96 - 1.35) (0.79 - 1. 36) (0 . 5 4 - 0 .7 6) (0 . 56 - 0 .77) 
20 70- 80 SL:16D 2. 10 ± 0.11 1.45 ± 0. 11 1.18 ± 0 . 08 0.77 ± 0.04 0 . 79 ± 0.04 
.Jorrnoxia) (1.84 - 2 .35) (1.19 - 1. 70) (0.99 - 1.36) (0 . 66 - 0 . 87) (0 . 68 - 0.90) 
5 25-35 16L: SO 1. 82 ± 0.14 1.42 ± 0 .12 1. 09 ± 0. 10 0 .58 ± 0.07 O.SO ± 0 . 06 
(Hypoxia) (1.50 - 2 .15) (1.15 - 1. 69) (0.87 - 1. 32) (0 .41 - 0.76) (0 . 66 - 0 . 94) 
5 25- 35 8L: 160 2 . 37 ± 0 .10 1.74 ± 0 . 09 1.24 ± 0.06 0 . 64 ± 0.09 0 . 88 ± 0.04 
(Hypoxia) (2 .14 - 2 . 60) (1.53 - 1. 96) (1. 09 - 1. 40) (0 .42 - 0.86) (0.77 - 0 .9 8) 
5 70- 80 16L : 80 1.82 ± 0.08 1.41 ± 0.05 0.99 ± 0.07 0 . 78 ± 0 . 06 0.71 ± 0 . 03 
(Normoxia) (1.64 - 2 . 0 ) (1.2S - 1. 54 ) (0 . S2 - 1.15) (0 . 65 - 0 . 92) (0.62 - 0.79) 
5 70-80 SL: 16D 1.75 ± 0.12 1.22 ± 0.09 0.S7 ± 0 . 07 0.73 ± 0.07 0.55 ± 0 .05 
(~.Jormoxi a) (1.47 - 2 .02) (1.0 - 1 . 44) (0 .71 - 1. 02) (0 .56 - 0.90) (0.43 - 0 . 67) 
Anova Table 
Temperature P <0 . 05 N.S . P<0 . 05 P<O.Ol P<0.05 
Oxygen P<O . Ol P<O.O l P<O . Ol N. S . P<O .Ol 
Photoperiod P<O.Ol P<O .Ol N.S. N.S. N. S . 
Tempe ratur e x Oxygen N. S . N.S . N.S. P<O.Ol N. S . 
Temperature x Pho tope riod N.S. P<O . 05 N.S. N. S. P<O . Ol 
Oxygen x Photoperiod P<O .Ol P<O.05 N. S . N. S. P<O .Ol 
Temperature x Oxygen x N.S. N.S . N.S . N.S. N. S. 
Photoperi od 
--------
C6 
0 . 63 ± 0 . 0 3 
(0.55 - 0 . 72) 
0.88 ± 0.03 
(0.79 - 0.96) 
0 . 54 ± 0.03 
(0 .46 - 0.62) 
0 . 70 ± 0 . 03 
(0 . 62 - 0.78) 
0.63 ± 0 . 05 
(0.51 - 0.75) 
0 . 75 ± 0 . 04 
(0.66 - 0 . 84) 
0 .6 3 ± 0 .0 3 
(0 . 54 - 0 . 72) 
0 .52 ± 0 . 04 
(0 . 42 - 0.63) 
N. S . 
P<O . Ol 
P<O .Ol 
N.S . 
P<O.Ol 
P<O . 05 
N.S . 
I 
-.J 
V1 
Table 4 (Cont' d •• ) 
Experimental conditions 
0 
l'emp . C Oxygen % Light hr . C7 
20 25-35 16L : BO 0.49 ± 0.04 
(Hypoxia) (0.40 - 0.5B) 
20 25-35 BL:160 0.72 ± 0.04 
(Hypoxia) (0.63 - 0.81) 
20 70-80 16L: BO 0.39 ± 0.03 
(Normoxia) (0.32 - 0.46) 
20 70-BO 8L: 160 0 .52 ± 0.03 
(Normoxia) (0.45 - 0.59) 
5 25-35 16L: 80 0 .52 ± 0.04 
(Hypoxia) (0.41 - 0.62) 
5 25-35 BL: 160 0 .62 ± 0.03 
(Hypoxi a) (0.55 - 0.69) 
5 70-BO 16L: 80 0 .49 ± 0 . 03 
(Normoxia) (0 .41 - 0.57) 
5 70-BO BL :160 0 .36 ± 0 .03 
(Normoxia) (0.29 - 0.42) 
Anova Table 
Temperature N.S. 
Oxygen P<O.Ol 
Photope riod P<O.Ol 
Temperature x Oxygen N.S . 
Temperature x Photoperiod P<O.Ol 
Oxygen x Photoperiod P<O.O l 
Temperature x Oxygen x P<O.05 
Photoperi od 
-- --- - ------ ----- ----------- -----
Actual amounts of Hb components g.dl 
A2 Cl CB 
0.08 ± 0.02 O.OB ± 0.01 0.05 ± 0.01 
(0.03 - 0.12) (0.05 - 0.11) (0.03 - 0.06) 
0.17 ± 0.02 0.09 ± 0.01 O.OB ± 0.01 
(0.10 - 0.23) (0.06 - 0.13) (0.05 - 0.11) 
0.10 ± 0.01 0.05 ± 0.01 0.06 ± 0.01 
(0.07 - 0.13) (0.03 - 0.07) (0.05 - O.OB) 
0.08 ± 0.01 0 .06 ± 0.01 0. 06 ± 0 .01 
( 0 .05 - 0 . 12) (0.0 4 - 0.07) (0.05 - 0 . 07) 
0.09 ± 0.01 0.07 ± 0 .01 0.07 ± 0.01 
(0.06 - 0.11) (0.04 - 0 . 09 ) (0.05 - 0 .09) 
0.09 ± 0.01 0 .09 ± O.OJ. 0.08 ± 0.01 
(0.07 - 0.11) (0. 0 7 - 0. 11) (0.06 - 0 .09) 
0.09 ± 0.01 0. 05 ± 0.01 0 .06 ± 0 . 01 
(0.05 - 0.13 ) (O.O~ - 0.07) (0.05 - 0 . 07) 
0.10 ± 0.01 0.06 ± 0.01 0.04 ± 0.01 
(0.07 - 0.14) (0.03 - 0.09) (0.02 - 0.05) 
N.S. N.S. N.S . 
N.S. P<O.Ol N.S. 
N.S. N.S. N.S. 
N.S. N.S . P<O .Ol 
N.S. N.S. P< O.OS 
N.S. N.S. P<O.Ol 
P<O.Ol N.S. N.S. 
-1 
C2 
0.04 ± 0.01 
(0 . 02 - 0. 05) 
O.OB ± 0.01 
(0 .06 - 1. 04) 
0 .06 ± 0 . 01 
0 .04 - 0 .09) 
0 . 06 ± 0 . 0 1 
(0.02 - 0 . 09) 
0.07 ± 0 .01 
(0 . 05 - 0.09) 
0 .07 ± 0.01 
(0.05 - 0 .10) 
0.04 ± 0 . 01 
(0.03 - 0 .05) 
0.04 ± 0.01 
(0.03 - 0.05) 
N. S. 
P<0.05 
N.S. 
N.S. 
N.S. 
P<O . OS 
P<O.Ol 
A4 
0.02 ± O. OL 
(0 .01 - 0.03) 
0.07 ± 0.01 
(0.05 - O.OB) 
0.05 ± 0.01 
0.03 - 0 . 07) 
0 . 03 ± 0 . 01" 
(0 . 02 - 0 . 04) 
0 . 08 ± 0 . 01 
(0.05 - 0 .11) 
0.06 ± 0 . 01 
(0.03 - 0 . 08 ) 
0 . 04 :':: 0 . 01. 
(0 . 03 - 0.05) 
0 . 04 ± 0.01 
(0.03 - 0 . 06) 
P<0.05 
P< 0.05 
N.S. 
P <O.Ol 
P<O . OS 
P<O .OS 
P<O.Ol 
-"----~-
--.J 
(J'l 
Components of Itermediate Abundance 77 
The principal component of those grouped in the intermediate category 
was isomorph C3 which constituted 13.3 ± 0.45 to 15.7 ± 1.1% of total 
hemoglobin. As was the case with C4, temperature, oxygen content and 
photoperiod individually had little effect on relative abundancy. The 
actual concentration of this fraction was, however, elevated at higher 
temperatures and under hypoxic conditions; effects consistent with the 
observed concentration difference between "summer" 
-1 
and "winter" trout (0.87 ± 0.07 g.dl ). 
-1 (1 .0 7 ± 0.04 g.dl ) 
Isomorph CS made up 8.8 ± 0.54 to 11.3 ± 0.62% of total hemoglobin: 
a proportion not significantly influenced by the variables considered. 
Like C3, however, the absolute abundance of this fraction increased 
significantly with reduction in oxygen availability. Thermal effects 
were not pronounced. Variations in photoperiod had no detectable influence, 
and the difference between "summer" and "winter" animals was consistent 
with response to oxygen availability. Interactions between photoperiod 
and temperature and oxygen content were significant. 
The third most abundant of these fractions was isomorph C6 
(8.1 ± 0.39 - 10.4 ± 0.55%). No factor had significant impact upon its 
relative abundance. Temperature was also without influence on absolute 
concentration. Highly significant increases in absolute C6 content were, 
however, associated with exposure to hypoxia and reduction in day length . 
This suggests that the relatively higher levels of this isomorph in 
-1 
"summer" (0 .63 ± 0.03 g.dl ) than in "winter" fish 
-1 
(0.52 ± 0.04 g.dl ) 
were attributable to hypoxic influence since photoperiodic effects would 
reverse this. 
Isomorph Al (7 .2 ± 0.89 - 11 .4 ± 0.54%), unlike most of these 
considered did show proportional changes in relation to the conditions imposed 
in that significant (P <O.Ol ) reductions were encountered with exposure to 
hypoxia. Interestingly, absolute concentrations were influenced only by 
78 
temperature. Here, however, the effect of temperature was both substantial 
and consistent with the difference between "summer" and "winter" trout . 
Only one significant interaction, that between temperature and oxygen 
content was evident and this influenced both relative and absolute Al 
levels. 
The final component of this group, C7, represented from 5.7 ± 0 . 32 
to 7.4 ± 0 . 20% of total hemoglobin. A barely significant increase in the 
proportional abundance of this fraction was associated with reduction in 
oxygen availability. This was true of the actual concentration of C7 
as well. Significant increases in concentration were also associated 
with reduced day length. Significant interactions between photoperiod , 
and temperature and oxygen availability were apparent in relation to 
-1 
actual concentration. The higher concentration (0.49 ± 0.04 g.dl ) 
characteristic of "summer" as compared to "winter" fish presumably 
reflected the stronger influence of hypoxia . 
Minor components 
The major fractions, C4 and A3, constituted from 42.4 to 48.4% 
of total hemoglobin. Fractions of intermediate abundancy (C3, AI, e5, 
C6, e7) collectively accounted for 43.1 to 55.7%. The remaining isomorphs 
(A2, el, C8, e2, A4) together represented only 3.2 to 6.1% of the total . 
Only one significant environmental effect on relative abundance was 
apparent; that of temperature on A4. Half of these fractions (C2, el, A4) 
also exhibited some modest response in actual abundancies to oxygen tension, 
none to photoperiod and, as would be expected, A4 was unique in exhibiting 
thermal influence. 
In general, their proportional abundancies were less influenced 
by the factors considered than were actual isomorph concentrations . In 
terms of proportional abundancy, 29% of the major and intermediate isomorphs 
Figure 13 Actual concentrations of isomorphs in "summer" and 
"winter" trout . 
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80 
were significantly influenced by temperature per ~ and/or oxygen 
content per sej none by photoperiod. By reference to absolute concentration 
significant oxygen effect was apparent in 85% of the major and intermediate 
fractions, and like the effect of photoperiod, significant thermal influence 
was apparent in 57% of comparisons. 
Significant interactions between oxygen availability and photoperiod 
was not observed in relation to the relative abundancies of these isomorphs . 
Temperature x photoperiod interaction seemed to be the most prevalent 
since one major and 3 intermediate fractions were influenced in this way. 
Temperature x oxygen interactions did not affect either major components, 
but did influence the intermediate isomorphs C3 and AI. Three-factor 
interactions were not prevalent and did not involve any major and inter-
mediate isomorphs. Actual abundancies were also independent of 3 factor 
interaction. The interactions between photoperiod and temperature, and 
oxygen availability were quite similar and significant in relation to 
isomorphs A3, C5, C6 and C7 . It should be emphasized, however, that 
comparisons of animals under nominal "summer" and "winter" circumstances 
frequently suggested that potential photoperiodic influences were 
normally masked by the effects of temperature or oxygen availability or 
both (Figure 13 ) • 
Plasma and Red Cell Tonic Composition 
+2 
The out.come of plasma and erythrocytic Cl and Mg determinations 
is summarized, with the results of analysis of variance in Table 5 . 
Individual values for these parameters are summarized in Appendix Tables 
1 through 8. 
Tem12erature 
Temperature had a highly significant influence upon all four 
variables. Increases in both plasma and red cell Cl concentrations were 
associated with exposure to the higher temperature. This was true as 
well of plasma magnesium. By contrast, red cell magnesium levels were 
5. Summary of ion levels. Reported as the mean ± standard error of the mean (95% confidence intervals) 
Expe r imental Condi tions Measurements 
0 - -1 I 
- - 1 PMa+ 2 mmo1. 1-1 +2 -1 Temp. C Oxyqen % LiGht hr. pC1 mmo1.1 rbcC1 mmo1.1 rbcMq m mo1. 1 
20 25- 35 16L: 80 124.4 ± 1.3 75.2 ± 1.4 1.06 ± 0.04 4 .15 ± 0.16 
(Hypoxia) (12,1. 5 - 127.3) (71. 9 - 78.5) (0.96 - 1.15) (3. 78 - 4.51) 
20 25-35 8L:160 133.7 ± 2.1 72.5 ± 1.5 0.9 3 ± 0.02 4.40 ± 0.11 
(Hypoxia) (128.9 - 138.4) (69.2 - 75 .8) (0.88 - 0.99) (4 . 14 - 4.65) 
20 70- 80 16L: 80 124.7 ± 3.0 83.5 ± 2.0 0 .9 4 :! 0.03 4 .18 ± 0.18 
(Normoxia ) (118.0 - 131.3) (79 .0 - 88.0) (0.86 - 1. 01) (3 .78 - 4 . 58) 
20 70 - 80 8L: 160 1 28 .3 ± 3.3 75.2 ± 2.4 0.93 ± 0.02 4.75 ± 0.28 
(Normoxia ) (120.8 - 135.7) (69.8 - 80.6) (0.87 - 0.99) (4.13 - 5 .38) 
5 25- 35 16L: 80 111. 7 ± 4.1 58.7 ± 1.5 0.86 ± 0.09 5.75 ± 0.10 
(Hypoxia) (10 2 .5 - 120 .9) (55.3 - 62 . 2) (0.65 - 1.06 ) (5 . 52 - 5 . 99) 
5 25-35 8L :160 12 4 .1 ± 3 .1 65 . 0 ± 2.2 0.79 ± 0 .02 4.90 ± 0 . 09 
(Hypoxia) (117.2 - 131.0) (59.9 - 70.0) (0.72 - 0.85) (4.68 - 5 . 12) 
5 70-80 16L: 80 126 . 4 ± 1.9 54.7 ± 1.3 0.81 ± 0.02 6 .69 ± 0. 14 
(N ormoxia) (122.0 - 130.8) (51. 8 - 57 . 7) (0.74 - 0 . 83) (6.38 - 7.0 ) 
5 70- 80 8L : 160 121. 9 ± 1.9 59.8 ± 1.8 0 .72 ± 0 . 03 6 . 14 ± 0.17 
(;,ormoxia) (117.7- 1 26.1) (55. 8 - 63.9) (0.65 - 0 . 78) (5.74 - 6.53) 
Anova Table 
Temperature P <O . Ol P <O . Ol P<O . Ol P<O.Ol 
Oxygen N.S . N. S . P<0.05 P<O.Ol 
Photoperiod P<0.05 N. S. P<0.05 N.S . 
Temperatur e x Oxygen P<0 . 05 P <O . Ol N.S . P<O.Ol 
Temperatu.r;e x Photope riod N. S . P<O.Ol N.S. P<O . Ol 
Oxygen x Photoperi od P<O.Ol N. S. N. S . N. S. 
Temperature x Oxyge n x N.S. , N. S . N.S. l~. S . 
Photope r iod 
- -- ---- - ---- - --- --- -- -- - - -~ -
! 
00 
I-' 
6 . Summary of the relationship of erythrocytic electrolytes to 
- ) 
hemoglobin (mmol. mmel Hb ). Reported as the mean ± standard error 
(95% confidence intervals) 
Experimental Conditions Measurements 
°C Oxygen Light he. CI - Hb t"1g +2 Hb Temp . % : : 
20 25-35 16L: 80 24.0 ± 0.5 1.33 ± 0 . 05 
(Hypoxia) (22.8 - 25.1 ) (1. 21 - 1. 44) 
20 25 - 35 8L: 160 22.3 ± 1.0 1.35 ± 0 . 07 
(Hypoxia) (19.9 - 24.6) ( 1. 18 - 1. 5 1) 
20 70- 80 16L : 80 26.0 ± 1.0 1 . 29 ± 0 . 05 
(Nor-moxia) (23.7 - 28 . 2) (1 . 16 - 1 .41 ) 
20 70-80 8L : 160 21. 8 ± 1.7 1 . 32 ± 0. 05 
(Normoxia) (18.0 - 25.5) (1.20 - 1.43 ) 
5 25 - 35 16L: 80 17 .5 ± 1.3 1. 70 ± 0.11 
(Hypoxia) (14 .5 - 20.4) (1 . 44 - 1.95) 
5 25 -3 5 8L: 160 19 . 8 ± 0.9 1.49 ± 0.04 
(Hypoxia) (17 . 8 - 21. 7) (1. 39 - 1. 58) 
5 70- 80 16L : 80 16 . 8 ± 0.6 2.06 ± 0 . 07 
(Normoxia) (15.4 - 18.1) (1.89 - 2.22) 
5 70- 80 8L: 160 17.3 ± 0.8 1 . 76 ± 0 . 0 6 
(Nor-moxia) (15 .4 - 1 9 . 1) (I . 61 - 1.90) 
Anava Table 
Temperature P<O.OI p<O.OI 
Oxygen N.S . P<O . Ol 
Photoperiod N.S. P<0 . 05 
Temperature x Oxygen N.S. P<O.Ol 
Temperature x Photoperiod P<O.OI p<O .Ol 
Oxygen x Photoperiod N.S. N.S. 
Temperature x Oxygen x Photoperiod N.S . N.S. 
82 
reduced under these circumstances . 83 
Oxygen 
Differences in oxygen availability had no effect on chloride 
content . Plasma magnesium levels were, however, elevated to some extent 
under hypoxic conditions, with the converse being true of erythrocytic 
concentrations . 
Photoperiod 
Plasma, but not red cell composition, was affected by photoperiod. 
Chloride concentrations were somewhat lower on the 16L:8D as compared to 
+2 
8L:16D regime, whereas the converse was true of plasma Mg levels . 
Significant interactions between temperature and oxygen were most 
obvious in relation to red cell composition , with a barely significant 
interaction also apparent in the case of plasma Cl. Temperature-photo-
period interactions were also highly significant in the case of cellular 
ion levels, but absent in the instance of plasma . Only one significant 
-
oxygen-photoperiod interaction was observed; again this involved plasma Cl • 
As indicated in Table 5, animals exposed to monimal "summer" 
conditions (20oC-hypoxic-16L:8D) were characterized by mean or significant 
- +2 
elevations in plasma and red cell Cl concentrations and plasma Mg levels 
by comparison with "winter" trout . By contrast, erythrocytic Mg+ 2 levels 
in "winter" fish were well above those observed in the group maintained 
under summer conditions._ In the specific instance of plasma chloride, 
temperature and concentration were positively correlated, with the converse 
true of extended photoperiod. Oxygen availability had little effect . 
Consequently, the modest difference observed ("summer" - 124 . 4 ± 1.31, 
-1 
"winter" - 121. 9 ± 1. 91 IlI1"01.1i t ) may reflect the outcome of opposing or 
neutral influences . Red cell Cl levels, on the other hand, were not 
affected by either oxygen availability or photoperiod. The higher 
concentrations seen· in "summer" fish can then be attributed to temperature-
induced processes . Increases in temperature and light duration, and reduced 
oxygen availability were associated with elevation of plasma Mg+ 2 
+ 2 
84 
concentration . Thus, plasma Mg l e vels of "summer" fish significantly 
exceeded those of "winter" animals . Similarly , the reduced erythrocytic 
+2 
Mg content of "summer" fish also ap pears to be consistent with the 
effects of increased temperature and reduced oxygen availability . Photo-
period effects were not significant . In short, under the more realistic 
circumstances provided by an acclimatization rather than acclimation 
protocol, the in f luence of temperature tends, on the whole, to emerge as 
more effective than either oxygen availability or photoperiod in relation 
to ionic composition . 
Table 6 also includes data for molar [Cl-]: [ Hb] and [Mg +2 J: [ Hb] 
ratios (~ . e . , in calculation of these val ues a mean molecular weight of 
64 , 500 was assumed for hemoglobin). The former displayed little variation 
in relation to photoperiod or oxygen availability, but increased sharply 
and significantly at higher temperatures . [Mg+ 2] : [Hb], on the other 
hand, proved to be sensitive to all factors . Significant decreases in 
ratio were associated with elevated temperature, hypoxia and reduced 
day length . In addition, significant interactions between temperature and 
both oxygen availability and photoperiod were evident. The significant 
elevation in [Cl ] : [Hb] in "summer" fish (24 . 0 ± 0 . 50) as compared to 
those maintained under "winter" conditions (17 . 3 ± 0 . 80) is clearly 
attributable to temperature, since only this factor had influence. The 
corresponding reduction in [Mg+2]: [Hb] ("winter" - 1 . 76 ± 0.06; "summer" -
1 . 33 ± 0 . 05) presumably reflects the effects of increased temperature and 
hypoxia . These presumably masked the opposing influence of extended day 
length . 
85 
DISCUSSION 
The prlncipal findings of the present study c an be s umma t ~zed 
as follows. 
(1) Total hemoglobin ard hematocrit increased with increase in 
temperature, exposu r e to hypoxia and reduc tion in Ilght pe riod . 5 ignif -
lcant interactions were observed between t e mpera t u re and p hoto period 
and oxygen and photoperiod. However, unde r selected c ondit ions, s ome 
of these effects could be masked. For examp l e , c ompar ison o f animals 
under 's ummer ' and 'w in te r' condit i ons indica ted tha t photoperiod 
effec t:> we re not expressed . Pr e s umab ly , the effer:: ts of temperature per se 
and oxygen availability per se were s tronger than those of photope riod . 
(2) Of the 12 hemoglobin components detected,S, though consistent l y 
present, c onstituted only a mi nor element of the hemoglob1n system . 
Fu r thermore , they exhibited little v a riation. This was also true of 
the most abundant fract i on. The rema ining 6 isomorphs, collec tively 
from 66.1 to 71.6% of the total, exhibi t ed considerable var iation. 
Of the factors exami ned , photope r iod appeared to be the weakest i n 
terms of effe cts on both actual and rela t ive c oncentrations of isomorphs . 
Photoperiodic effects were also masked by those of temperature and 
oxygen availability. Oxygen availab i lity appeared as the most effective 
factor influencing absolute amounts of these isomorphs. 
(3) Concentrations of Cl and Mg+ 2 , critical ionic elements of 
the hemoglobin-oxygen affinity regulating syste m, also exhibited well-
defined variatlon. Chloride ion levels 1n both p l asma and red ce l ls , 
for example , were in r; r eased at the higher temperat:ure. This was also 
+2 
true of plasma Mg ,although the reverse was observed in the case of 
+ 2 
red cel l Mg content . Oxygen avallability also had pronounced effects 
+2 
on Mg levels and, again, an inverse relation was observed between 
+2 plasma and erythrocytic Mg levels. Oxyge n availability had no effect 
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on reI in e ither plasma o r red ce ll s . However, plasma el 
conce ntrations were red uc e d o n the 16L: 8D photope r iod regime a s c ompa r e d 
+ 2 
to 8L :16D. The c o nverse was t r ue of p lasma Mg No phot o pe riod i c 
+ 2 influence o n red cell Mg o r Cl l evels was observed . 
These f indings will be d iscuss e d in turn . 
Several studi e s have demonstt~ted increases in e ~ th e r hemoglobin 
or he matocrit or both wlth Inc r e ase s 1n en v ironmental t e mperatur e I~ 
a var i ety of teleostean species (Table 7) . Many of t hese ha ve 
spe~lfi ca l ly cons idered ra i nbow t r out ("eWilde and Houston , 1967 ; Hcuston 
a nd eyr , 1974; Hous t on and Smeda , t97 9 ~ WIth increased tempe ra ture, which 
lead s t o increa sed metabolic oxygen requ irements unde r c irc umstan c es 
of diminishe d o xygen availabili t y, b lood o x ygen- carryi ng capac ity IS 
frequently enhanced by i ncreas Ing red cell n umber; c oupli ng this wIth 
reduction s in c ell vol ume - whi ~ h increase oxygen di ff u sion rates -
a nd modes t inc r e ases in mean c el l ular hemoglobin c ontent. Pre sumab l y 
such c hanges stem ini tia lly f rom r elease o f e ryt h rocyte s from storage 
areas and , in the long e r term , f rom increased e ryth ropo i eti c activi t y. 
ThIS can be regarded as a dvantageous, d espite a ccompany ing increases 
i n blood v iscosity and thu s c ard i ac wo rk r equi r e me nts. Al though ene r gy 
must be e xpended in erythrocy te fo r mat ion and hemoglobin synthes i s , 
the c ost of increa sing oxyge n-ca rrying c a pacity i s presumab ly less 
than that e n tail ed In o pe r ation of t he c a r diovascula r and ven t I lato ry 
systems at h Igh, sus t ai ned ra t es . In gene ra l , p rese nt findings confirm 
tho s e of severa l earlier stud i es in te r ms of thermoacclimatory ch a nges 
in he mog l obi n and hema tocrit , and I ndi ca te t hat erythropo iesi s is 
I nc reased a t h igher tempe ratu res . Ch udzik a nd Housto n ( 198 3) prov ide 
direct ev ide n ce of thi s in gol d f ish. Althoug h it has not yet been 
Table 7: Thermoacc limatory c hanges in some hematologic al indices 
of two membe r s of family-Sa l monidae. Hb, hemoglobin, 
-1 g.dl ; Hct, hematoc rit, %; RBe, red cell c ount, 
-6 -3 3 10 .mm ; MEV, mean erythrocytic volume, ~ 
-1 MEHbc , mean erythrocytic hemoglobin content, ~~g. ce ll . 
Ace! imat ion 
Species Temperature °C Hb 
Salvelinus 7.2±0.2 
fontinalis S .3±0 . 2 
S S.S±0.2 
10 7. 1±0. 2 
20 7.6±0.2 
Sa I rna 
ga it'dneri (summer) 6 . 4±0 . S 
6.4±0.6 
II 6.8±1.2 
14 7 . 3±0.7 
17 6.S±0 . 8 
21 S.3±!.1 
(winter) 6.S±0 . 6 
7.3±0 . 6 
II S.2±0 . S 
14 S . 2±1 .4 
17 S.O±O.S 
JS 8 . 3±O.9 
21 S . S±O . S 
Hct RBe 
34 .l±0 . 9 
37.6±0 . S 
36.S±0.6 
3S .2±0 . S 
37. 2±1. 1 
29.0±2 . 1 1 . 09±0.OS 
30 . 3±2.9 1.14±0 . 13 
32 . 3±2 .9 1. 36±0. l3 
30 . 6±2 . 0 
31.7±0.2 1. 26±0. 16 
33 .6±2 .S 1. 44±O . 12 
2S . 4±2 . 9 1.19±0 . 14 
29.7±1 . S 1.2S±0.12 
34.S±1. 7 I . 44±0. 1O 
33 . 4±3.S 1 . 30±0.14 
32 . 4±1.4 1 .40±O .O9 
34 . S±2 . 0 
34.7±2.6 l.Sl±O . ll 
MEV 
259±22.1 
26S±28.2 
2S3 ±4S.6 
273±23 . S 
2S3±37.7 
237±19.0 
241±lS . 6 
239±lS . S 
240±1l . S 
2S2±lS.S 
232±12 . S 
232±23 .1 
MEHbc 
22.2±1 . 7 
20 . S±1.3 
2J .S±3 . 2 
23.7±2 . S 
21.7±2 . 7 
24. 6±2 . 2 
22.1±1.4 
24.3±1.6 
23.S±1.4 
24 . 9±1 . 7 
24 . 7±1.6 
23 . 4±1.7 
24.2±O.9 
Reference 
Houston & DeWilde 
( 1965) 
DeWilde & Housto n 
( 196 7) 
OJ 
-.J 
Ac e Lima t ion 
Species Temperature °C Hb 
Salme 2 6.3 ±O. 2 
gairdneri 10 7.3±O.1 
18 8 .3±O.02 
2 (summer) 8 . 1±O.2 
10 8.2±0.2 
18 8.HO.3 
2 (wintel') 8 . I ±O. 3 
10 B.2±0 . 3 
I.B 7.6±0.4 
2 (summer) 
10 
lB 
2 (winter) 
10 
I.B 
Table 7 (Cont'd.) 
Hct RBC 
32.7±0.7 
42.9±0.S 
46 . 6±0.7 
32 .8±1.1 1.19±0.OS 
33.7±0.7 1.36±0.04 
33 . 2±1.0 1. 33±O. 06 
31.S±0.9 l. 32±O. 05 
31.6±1.1 1.23±0.06 
30.B±I . 6 1.2B±0.O S 
34.0 
3S . B 
44. 1 
32.1 
34 . 6 
4l.7 
MEV MEHbc 
277±9.8 
2S2±6 .3 
2SS±12.1 
241±6.7 
263±B.6 
242±6.S 
Reference 
Houston & eye 
(1974) 
Houston & Smeda 
(1979) 
Murphy & 
(unpub.1 
Q) 
Q) 
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demonstrated, it is reasonabl e to hypo t heSIze tha t erythropoietic 
activity 1S likely to be induced by hormon al stimuli (i. e., formation 
and release of an erythropoietin - l ike hormo ne; Zanjani et aI , ]969) 
analogous to higher vertebrates. 
Freshwater fishes are, however, InconSIstent In this respect . 
Absence of temperature-related hematological response has been 
reported in some studies, including several on raInb ow trout (Houston 
and Smeda , L979) . This was also the case wIth whl,~e su(' ker, Cato~.omus 
goldfish hybr id (Houston ~_t:. ~2, 1976) and tench, .~i..nca ~i nca. (Eddy , 
1973). In addItion, antiadaptive r espons e s to temperature have also 
been reported (eg ., reducti.on in hemoglobin content, hematocrl.t and/or 
red cell numbers) (Houston, 1980). These were observed in goldf ish 
(Houston and Rupert , 1976) , brmYn bullhead, Ictal~rus !:l..~bulosus (Grigg, 
1969) and pumpkinseed , .Lepo_m Ls gibbosus (Houston e1: a1 1976). The basi s 
of this is not clear . However, seasonal variations in hematological 
status have been reported in several species 1ncluding carp (Murachi , 
1959; Houston and DeWilde , 1968 ), r ainbow trout (DeWilde and Houston , 
.1967 ; Dent.on and Yousef, 1975; Houston and Smeda, 1979) , psel!dopleuronectes 
~merlcanus (Umminger and Mahoney, 1972; Bridges et~, 1976). Houst.on 
et ~ (1976) have hypothesi zed that temperatu r e may not., by itself, 
prompt erythropoiesis un less accompanIed by other seasonally-appropriate 
conditions. This infe-rs t hat synergism b e t\oJeen stimulating factor s 
exists. The presen t study provides evidence supportive of this 
con t ention in terms of the Interactions i.dentified. 
Hem.tological responses to hypoxia have also bee n examined (Table 8) 
in r;hanne1 r;atfish, .I c_ta 1urus E~mctatus (S c ott and Rogers, 1981), 
rainbow trout (Holeton and Randall , 1967; Swi f t and Lloyd, 1974) and 
':)0 
killifish, Fundulus heteroclitus (Greaney and Powers, 1978). In the 
present study, highly significant increases in hemoglobin arid hematocrit 
were associated with exposure to hypoxia. Hematocrit levels increase 
as a consequence of exposure to oxygen-deficient conditions (Holeton 
and Randall, 1967; Wood and Johansen, 1972; Swift and Lloyd, 1974). 
It is commonly assumed that the stimulating effects of these variables 
are mediated by eryth ropoietin or some erythropoietin-like hormone. In 
mammals , erythropoietin, a glycoprotein hormone which is released 
from the kidney, stimulates erythropoiesis and leads to increases in 
hematocrit. Gordon (1959) proposed a model for mammalian production 
of the erythropoietin . Hypoxia induces the kidneys to release a renal 
erythropoietic factor (REF) into the plasma. This REF acts on a plasma 
protein to generate active erythropoietin (ESF, o r erythropoiesis-
stimulating factor). ESF then a cts on erythropoietin-responsive cells 
(ER) in blood-forming areas causing initiation of erythropoiesis (Figure 
14) . 
/
HYPoxia 
" 
' ...... 
·d ~ Kl ney Liver 
1 1 
REF~ ,,/"/ Globulin 
~ ESFJI! 
- 1 
ER 
1 
Erythroblast 
Figure 14: Flow diagram illustrating mechanism of erythropoiesis 
(from Gordon and Zanjani, 1971) 
Interestingly, Gordon and Zanjani (1971) were unable to detect 
erythropoietic activity in carp serum. It should be noted, however, 
Table 8 : Hypoxic-associated changes in hematological parameters 
in representative freshwater fishes • Hb, hemoglobin, g . dl 
6 
HCT, hematocrit, %i RBC, red cell count , lO -~li MEV, mean 
3 
-1 
erythrocytic volume, ~ i rlEHbc, mean erythrocytic hemoglobin content, 
picogramsi MCHC, mean corpuscular hemoglobin concentration, 
-3 
picograms .~ 
-1 
* originally shown in the unit of mmol tetramer.lit 
MEHbc in percentage unit 
Species 0 level Hb 
Icta lurus 7 .5 ppm 7.74 
,Eunctatu5 1. 5 ppm 10.42 
Angui lla 
j 
140 mmHg 4.9 
an2uilla 15 mmHg 7.3 
Cl:Erinu5 120-130 mmHg 
carpio 30 mmHg 
Fundulus 8 .4-9.0 ppm 
heterocli tus 1. 5- 2. 5 ppm 
S almo control (7) 4.56±0.58 
9airdneri 4. 5mg02' lit 5.66±0.29 
150 m!nHg 6.45 • 
50 mmHg 7.22 • 
oncorh;tnchus 7.9 ppm 
~ 5.8 ppm 
(pre-smol t) 3 .1 ppm 
Lagodon ambient (7) 8.38±0.72 
-1 
rhomboides 1.30mg.lit 8.98±0.81 
HCT RBC MEV 
34 . 60 2.18 159.8 
32.60 2.33 144.9 
23.4 
36.0 
26.4 0.94 
29.0 1.02 
23±1. 5 
36±1. 0 
33:1;4 0.949±0.096 348±42 
40±6 1. 217 ±0.216 344±60 
28.2 
35.3 
33.5 
34.4 
39.3 
32.0±3 
41.4±4.8 
I1EHbc MCHC 
36 .50 0.234 
46.37 0.325 
14.1±2.6 ~ 
13.3±2.6 ~ 
Reference 
Scott & Rogers 
(1981) 
Wood & Johansen 
(1972) 
Weber & Lykkeboe 
(1978) 
Greaney & Powers 
(1978) 
Swift & Lloyd 
(1974) 
Tetens & Lykkeboe 
(1981) 
Giles & Vanstone 
(1976) 
Cameron 
(1970) 
W 
f-" 
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that their assays for erythropoietic activity involved the use of mice. 
Gordon and Zanjani speculate that failure to detect erythropoiesis ;= in 
this case, may have been due to species differences in the hormone. This 
infers that while vertebrate erythropoietin may possess structural 
similarities, differences in chemical groups may well underlie group 
specificities (Gordon and Zanjani, 1971) . Erythropoietin was, however, 
detected in the plasma of blue gourami, Trichogaster trichopterus (Zanjani 
~ al, 1969). Temperature-induced increases in erythropoietin levels 
have not yet been reported. It is, however, reasonable to anticipate 
that if similar mechanisms operate in fishes, the increases in hemoglobin 
and hematocrit levels with elevated temperature and reduced oxygen will 
ultimately be linked to changes in the level of this hormone. However, 
erythropoietin may not be the only, or even the principal hormonal agent 
stimulating increase in red cell formation and hemoglobin synthesis. 
Under unfavourable conditions (eg . , high temperature, acute hypoxia) 
catecholamine levels increase sharply (Butler et al, 1978, 1979). In vitro 
studies by J. E. Keen in this laboratory indicate that catecholamines 
also stimulates hemoglobin synthesis in erythrocytes. 
Reduced photoperiod leads to pronounced and significant increases 
in both hemoglobin and hematocrit v.alues. This contrasts with the findings 
of Murphy and Houston (unpublished data) who noted mean, but not statistically-
significant increases in - the hematocrits of trout acclimated to longer day 
lengths. The basis of this discrepancy is not clear. However, it may be 
noted that these authors did not manipulate 02 availability. 
In conclusion, at high temperature, under hypoxic conditions and with 
abbreviated day lengths blood oxygen carrying capacity increases. This is 
probably a consequence of increased erythropoiesis, due, in part at least, 
to hormones such as erythrofDietin-like hormone or catecholamine, and/or 
the liberation of red cells from storage sites. Elevated hematocrit values 
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may be the result of increased red cell number which, in turn, would 
also be a consequence of activated erythropoiesis and release D~ stored 
erythrocytes and/or increased medn corpuscular volume (MCV). Although 
increased hematocrit may be regarded as a suitable adaptation, it may 
result in increased blood viscosity leading to higher metabolic energy 
demands in the circulatory system. However, very recently, by using 
nuclepore filters, Hughes and Kikuchi (1984) and Hughes et al (1982) 
have indicated an increase in red cell deformability which effectively 
reduces the resistance to blood flow through the gills and other parts 
of microcirculation in hypoxic rainbow trout and in 37°C-acclimated 
yellowtail, Seriola quinqueradiata respectively. 
In summary, the data obtained in this study support the hypothesis 
that the environmental factors considered influence blood-oxygen carrying 
capacity. 
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Organizational Changes in the Hemoglobin System 
variations in temperature, oxygen and photoperiod also affected 
individual isomorphs. As stated earlier, the twelve hemoglobin mobi lities 
detected could be categorized in terms of relative abundancies as major, 
intermediate and minor components . The relative abundancy of the most 
abundant of these was not influenced by any of the factors considered. 
It s absolute concentration was , however, increased at 20°C. The sec ond 
most abundant fraction, A3, displayed no temperature-related influence 
on absolute concentration , although its relative abundancy was decreased 
by increased temperature. Among the intermediate components , c3 and Al 
clearly indicated the increases in their actual amounts. Briefly, of all 
major and intermediate electrophoretic components, the actual compositions 
of C4, C3 and Al was increased, although A3 did not alter with temperature. 
Earlier studies on this species using acrylamide gel disc electro-
phoresis lead to the separation of 9 mobilities (Houston and Cyr, 1974). 
Of these,one major component , T2 (2 2-28%) and one intermediate fraction, 
T4 (13-17%) increased in actual and relative concentrations with increases 
in temperature. Increase in actual content with decrease in percentage 
abundancy was also observed in the case of another major fraction, T7 
(22-26%). Despite the difference in the electrophoresis method used, 
simi larities between this, and the present study can be seen. For 
example , the pattern of variation in actual contents of T2 and T4 with 
temperature is quite similar to those of C4, C3 and Al in the present 
study and in terms of relative abundancy, T7 is comparab l e to A3. 
Other teleosts also exhibit temperature-related changes in the 
relative abundancies of specific hemog~obin polymorphs. In the relatively 
eutythermal white sucker, Catostomus commersoni , the concentrations of 
all major components increased at high temperatures (Houston, 1980). 
Carp, which are among the most eurythermal of the teleosts studied in 
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this laboratory, displayed variation in all hemoglobin polymorphs. For 
example, one major component (35-41 %) and an intermediate f t act1 0n (19-26%) 
inc reased their abundancies with thermal acclimation, although another 
major fraction (34-46%) decreased (Houston, 1980). 
The foregoing studies revealed quantitative, but not qualitative 
responses, i.e., gain or loss of isomorphs . However, goldfish (Houston 
and Cyr, 1974; Houston et aI, 1976) appear to adapt both qualitatively 
and quantitatively to temperature c hanges. Falkner and Houston (1966), 
Houston and Cyr (1974), Houston and Rupert (1976) and Houston et al (1976) 
reported that goldfish acclimated to cold temperature ( <10°C ) normally 
had two components, whereas warm-acclimated fish possessed three hemoglobins. 
Houston and Rupert (1976) believed that thi~ was the result of the 
aggregation of preexisting subunits rather than activation of an additional 
globin gene. 
Based on previous studies, Houston (1980) c oncluded that: 
(1) The teleostean hemoglobin system possesses a considerable degree 
of thermolability. 
(2) Interspecific differences exist. 
(3) Increased heat tolerance is correlated with reduced hemoglobin 
system complexity (Table 9). 
Weber et al (1976b) commented upon differences between geographically-
separated populations of the same species in their adaptation to environ-
mental temperature or other factors. They point, for example, to 
differences between the hemoglobins of rainbow trout populations from 
Buffalo, N. Y., Italy and Denmark. The first one was characterized by 
a larger number of cathodally-migrating hemoglobins, less sensitive 
to temperature, pH and organophosphates than those of the European 
populations . They regarded this as indicative of intraspecific adapt-
ation to localized environmental conditions. The population of trout 
used in the present study closely resembled that from Buffalo in terms 
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Table 9: Changes in hemoglobin complex in relation to thermal 
tolerance (Houston , 1980) 
Species L.T* °c 
No. of Upper 
Hbs 
Oncorhynchus keta 23 . 6 14 
O. gorbuscha 23 . 9 16 
O. nerka 23.8 9-19 
----
O. kisutch 25.0 11-19 
-----
O. tshawytscha 25 . 1 18 
Salma gairdneri 25.5 7-11 
Salvelinus fontinalis 26.6 13-15 
Catostomus commersoni 31.2 8 
Lepomis gibbosus 35.5 6 
L. macrochirus 6 
lctalurus nebulosus 36.0 
Cyprinus carpio 35.7 3-4 
carassi.us auratus 38.6 2-3 
Fundulus heteroclitus 31. 3 
L . T Lethal temperature 
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of the relatively larger number of cathodal hemoglobins present . 
I t has been known for several years that the hemoglobin is~~orphs 
of fishes can differ in their physiological properties. Brunori (1975) , 
for example, grouped the hemoglobins of rainbow trout into two categories; 
those which have little or no sensitivity to temperature, pH and organo-
phosphates, and those whose oxygen affinity is influenced by these 
fac·tors. Brunori (1975) and Weber et al (l976b) carried out the electro-
phoretic separation of trout hemoglobins on chromatographic columns and 
purified each fraction. The properties of each fraction were then 
examined (Table 10). Since hemoglobin isomorphs are more or less 
different in their properties, it has been hypothesized that quantitative 
and qualitative variations represent selective modifications favouring 
components suited to particular environmental conditions . From Table 10 , 
it can be seen that the oxygen affinity of cathodal components are in-
sensitive to temperature, pH and organophosphate; the reverse is true 
of anodal groups. Interestingly, low temperature sensitivity of cathodal 
fractions are consistent in other teleosts (Table 11). 
Table 10: Properties of rainbow trout hemoglobin isomorphs. 
(Brunori, 1975; Weber ~ aI, 1976b) 
Properties 
Proportion (%) 
Isoelectric point (pH) 
Stabili ty canst. (K4 ,2) * 
O2 -affini ty (at pH7; 
a 
20 C) 
ATP sensitivity 
Bohr effect 
Root effect 
Temperature sensi ti vi ty 
-1 
tlH (Kcal.rnol ) 
* Hb 4 lib 2 
HbI II III IV 
15-20 15-20 3 60-70 
8.6 7.4 6.7 6.2-6.5 
-8 
-8 
7.5xl0 
- - 5.2xlO 
high - . 
- low 
absent present present present 
absent absent presen+- present 
(reversed) 
absent absent - present 
low (-3) low (-4) low high 
(-14.5) 
I 
Increased relative mobility to anode 
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V VI 
I 
6.1 5.4 I 
- -
- pr:sen~ pre sent 
- -
- -
high high 
I 
--- > 
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Table 11: Comparison of thermalsensitivity of hemoglobin isqmo~Rhs 
observed in some teleosts. 
-1 
6H (Van't Hoff enthalpy) = 2.303 R . 6 log P50 I 6 (liT) Kcal.mol 
6H 6H 
Fish (cathodal Hbs) (anodal Hbs) References 
Oncorhxnchus keta -2.4 -7.2 Hashimoto & Matsuura 
(1960) 
An9uilla japonica -7 -13 
A. anguilla -13.3 -16.0 
Salmo ~airdneri -1.0 -8.5 
Yamaguchi et al 
(1962) 
Weber et al 
--(1976a) 
Weber et al 
--. (1976b) 
Hence, Weber et al (1976b) concluded that the cathodal hemoglobins in 
trout will tend to stabilize the temperature-induced variations in oxygen 
affinity of whole blood. 
Studies by Binotti ~ al (1971), Brunori (1975), and Weber et al 
(1976b) investigating the physiological properties of trout hemoglobin 
isomorphs were carried out by column chromatography. No comparable studies 
have been carried out on the properties of isomorphs separated by cellulose 
acetate electrophoresis. However, patterns of variation in isomorph 
abundancies can be used to establish at least approximate correspondences 
of principal components. In the present study, for example, the two most 
abundant cathodal components increased in actual concentration at the 
higher temperature. No significant change in the concentration of the major 
anodal fraction, A3, was evident. Since the former became abundant at high 
temperature, it might be postulated that these isomorphs may possess certain 
properties which would be physiologically advantageous in this unfavourable 
situation. From this assumption it can be hypothesized that oxygen affinity 
of C4 and C3 (probably other cathodal fractions too) may be independent 
100 
of temperature and pH. In other words, they are likely to be similar to 
Brunori's cathodal components and thus, increases in the abundan oies of 
such isomorphs will be the efficient response to higher temperatures 
stabilizing oxygen supply to tissue. On the other hand, the relative 
concentration of A3, which is the most abundant fraction within the 
anodal group did not alter at high temperature so that it can be postulated 
that like Brunori's anodal Hb IV, oxygen affinity of A3 may be thermally 
and pH-sensitive. 
A few studies have examined hemoglobin system changes during adapt-
ation to hypoxic environments. Weber and Lykkeboe (1978), for example, 
reported that the relative abundancies of hemoglobins from carp exposed 
to hypoxic- and normoxic conditions were not significantly altered. 
Similar observations on eel, An9uilla ,anguilla were reported by Weber 
et al (1975). Much the same was true of the relative abundancies of trout 
hemoglobi ns. In the present study, hypoxia lead to elevated actual 
abundancies of all major and intermediate isomorphs except AI. It was 
apparent that oxygen availability was more important than temperature. 
It has been demonstrated that hypoxic acclimation is associated with 
increased pH and decreased organophosphate content in erythrocytes (Soivio 
and Nikinmaa, 1981). Anodal isomorphs whose oxygen affinity is, according 
to Brunori (1975), largely dependent on these modulators, would likely to 
be saturated with oxyq~n. It can be suggested that trout may adapt to 
hypoxic environments by increasing the contents of anodal isomorphs as well 
as that of the cathodal group whose oxygen affinity is believed to be 
independent of these modulators. In short, to enhance the blood-oxygen 
carrying capacity under hypoxic conditions both cathodal and anodal 
fraction abundancies may increase. This hypothesis is supported by the 
present findings in which almost all cathodal and anodal isomorphs were 
significantly elevated in abundancies following exposure to hypoxia . 
Reports on photoperiod effect are not available so far . This factor 
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appeared to have little real influence on the hemoglobin system, since 
no distinct changes in relative abundancies were detected. ~he _ actual con-
tents of A3 and three cathodal hemoglobins, C4, C6 and C7 were augmented 
at short day length. However, this effect seemed to be masked by 
temperature or oxygen or both when 'summer' and 'winter' trouts were 
compared (Fig. 13). It is apparent that both temperature and hypoxia 
tended to increase these hemoglobin components strongly and thus, masked 
the effect of photoperiod. 
It is not yet known, however, how hemoglobin isomorph abundancies 
are regulated; although synthesis or reaggregation represent obvious 
possibilities. 
In conclusion, it can be postulated that teleosts like rainbow trout 
inhabiting cold, well-aerated water, may respond to high temperatures by 
increasing the abundancies of at least some cathodal isomorphs whose oxygen 
affinity is, presumably, independent of modulators such as temperature, pH 
and organophosphates. In other words, the cathodal group may act as an 
important and major oxygen supplier in such a thermally unfavourable 
situation. The reverse would be true of the anodal group. In this way, 
trout may stabilize the variations in oxygen affinity of whole blood at 
high temperatures. Under hypoxia, almost all hemoglobin components 
increased in abundancies and appeared to enhance oxygen-carrying capacity . 
It has been clearly OOBerved in previous studies that hypoxic acclimation 
is followed by increased pH and decreased organophosphate contents in trout 
red cells. Hence, the increased anodal components whose oxygen affinity 
is believed to be sensitive to temperature, pH and organophosphates are 
not subject to counteracting effects of these oxygen-affinity modulators. 
No significant light influence on the mUltiple-hemoglobin system was 
observed and even seemed to be masked by temperature and oxygen. 
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Plasma ion composition: 
High temperatures are associated with increases in ventilatQTy 
flow, cardiac output and effective branchial surface area, and lead to 
increased water influx and electrolyte efflux (Randall et aI, 1972). 
Osmoregulatory response includes decrease in water permeability, decreases 
. + + ln Na and Cl permeabilities, increased activity of Na and Cl uptake 
+ 
mechanisms and increased reabsorption of Na and Cl from the urine 
(Maetz, 1974) . 
Branchial electrolyte transfers involve two principal processes; 
exchange diffusion and active transport. The activities of these systems are 
temperature-dependent (Maetz, 1972; Cameron, 1976). Their activation at 
higher temperature is believed to be responsible for compensation of ion 
losses in teleosts including rainbow trout (Houston and McCarty, 1978; 
Houston and Koss, 1984), goldfish (Murphy and Houston, 1974) and carp 
(Houston et aI, 1968). These studies exhibit very little change in plasma 
ion concentrations over broad intermediate ranges of temperature. Of the 
two plasma ions considered in the present study, Cl was largely unaffected 
o 
by oxygen although it tended to increase at 20 C and on the shorter day-
length. However, the average percentage changes were small (6.3% and 5.8% 
+2 
respectively). Few reports deal with plasma Mg regulation in fishes . 
However, it was noted in this study that oxygen and photoperiod has less 
+2 
impact on plasma Mg ,~oncentration than did temperature. The mean 
percentage changes in relation to oxygen availability and photoperiod 
were only 7 . 1% and 9.0% respectively, whereas in the case of temperature 
a mean change of 21.5% was observed. The mechanisms which might account 
for this are not known. 
Stresses such as temperature changes, acute hypoxia, handling and 
exercise stimulate the production of catecholamines, particularly adrenaline, 
in many fishes including elasmobranchs (Nakano and Toml i nson,_ 1967; 
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Butler et al, 1978). Catecholamines affect ionic regulation, 
increasing branchial water permeability (Pic e~ aI, 1974) and prQffipting 
endosmosis in freshwater teleosts. Demineralization also occurs (Pic et aI, 
1975); presumably, in part at least, as a consequence of the inhibition 
+ 
of ATPases. Na and Cl uptake through gills are then reduced (Specker 
and Schreck, 1980). These hormones also affect branchial circulati on (Jones 
and Randall, 1978), increasing secondary lamellae perfusion (Keys and 
Bateman, 1932) but reducing blood supply to "chloride" cells or ionocytes 
which are important in ion regulation. Although stress-induced elevation 
of catecholamine levels tend to prompt osmoregulatory imbalances in fresh-
water fishes, other hormones may playa compensatory role. McKeown and 
Peter (1976), for example, pointed out that plasma and pituitary prolactin 
levels varied with temperature and photoperiod. The primary function of 
this hormone lies in restriction of passive ion efflux (Maetz, 1972; Cameron, 
1976). Moreover, photoperiod or thermal activation of the thyroid (Eales, 
+ + 
1965) also stimulates branchial Na /NH4 + exchange maintaining Na balance . 
These factors not only increase production of prolactin and thyroid hormones, 
but also that of cortisol (Fryer, 1975) which stimulates the activity of 
ATPase. Thus, some compensation for the effects of high temperature and 
extended photoperiod would be expected, and this is borne out by the studies 
previously cited. 
+2 
Plasma Mg level& were significantly augmented in nominal "summer 
fish" . Among the factors considered, temperature appeared to be the most 
+2 
effective. For example, significantly higher plasma Mg levels were 
o 
encountered at 20 C. Furthermore, those associated with hypoxia and 
prolonged day length were less pronounced. Few studies have considered 
+2 +2 
Mg regulation in teleosts. However, increase in plasma Mg at higher 
temperatures have been reported in rainbow trout (Murphy, 1978; Houston and 
Smeda, 1979; Houston and Koss, 1984a,b). We are aware of no studies 
specifically considering the effects of hypoxia and photoperiod. It may 
+2 
be noted that all conditions associated with increase in plasma Mg 
were 'summer ' characteristics. 
Erythrocytic ion composition : 
- . . - -
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Cold- acclimated animals were characterized by distinctly higher red 
+2 0 
cell Mg levels than those held at 20 C. Houston and Koss (1984 a,b) 
have reported similar results, although the basis of this is not clear. 
+2 
Gunther e~ al (1984) observed that Mg -loading of avian erythrocytes 
+2 +2 
lead to net Mg efflux through activation of Mg -specific membrane 
+2 
channels, until the original free Mg content was restored. It is not 
known whether similar mechanisms exist in teleostean red cells. We are 
+2 
aware of no species with compelling evidence of active Mg uptake by 
red cells. +2 Although mechanisms generally governing cellular Mg levels 
are not clear, the significance of the changes observed can be inferred. 
The affinity of Mg+ 2 for organophosphates is extremely high and increases 
+2 
with temperature (Bunn ·~ aI, 1971) . Adjustments in erythrocytic Mg 
content therefore provides a potent means for adjusting nucleoside 
triphosphate availability for interaction with hemoglobin. Since these 
+2 
are critical modulators of hemoglobin-oxygen affinity, Mg shifts can 
lead to changes in the readiness with which oxygen is taken up and released. 
+2 
Lower levels of Mg are associated with increases in "free" organophosphates 
+2 
which can then bind to hemoglobin. In this way a reduction in red cell Mg 
content can prompt decreases in Hb-02 affinity (Bunn et aI, 1971; Gillen 
and Riggs, 1971; Weber and Lykkeboe, 1978) . The present study demonstrated 
+2 
significant decreases in Mg level at high temperature. Given that NTP 
levels are not changed, this would be expected to decrease Hb-02 affinity 
and facilitate oxygen release to tissue. Dobson and Baldwin (1982) have 
recently demonstrated that this, in fact, occurs with exposure of the 
Australian blackfish, GadoEsis marmoratus, an active species living in well-
oxygenated water to higher temperatures. Heath and Hughes (1973) also 
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examined the response of rainbow trout when water temperature rapidly increased 
o 0 
from 14 to 27 C and provided evidence consistent with thermal reduction of 
Hb-02 affinity . Recently, Houston (1984) reported that over a broad range 
+2 
of low to intermediate constant temperatures, the Mg levels of represent-
ative eurythermal and stenothermal species, including the rainbow trout, 
did not vary. However, further increases in water temperature were 
+2 
associated with reductions in Mg content. 
Although Cl levels were not influenced by hypoxia and photoperiod, 
exposure to high temperatures lead to significant increases in both red 
cell Cl content and [Cl-): [HbJ. Similar findings have been reported by 
Smeda (1979) and Houston and Koss (1984a). It was demonstrated that ion 
transport enzyme activities are involved in temperature-related variations 
in erythrocytic Cl concentration. The increased activity of carbonic 
anhydrase at high temperatures may be related to the red cell CO2 hydration, 
and its export from the red cell as bicarbonate in exchange for Cl , 
resulting in higher cellular Cl content (Fortes, 1977). The involvement 
of HCo 3-stimulated ATPase is less certain, but it may participate in 
enhancing Cl content in red cells (Houston, 1980) . 
The effect of CI has not been examined in trout, but may be inferred 
from mammalian studies as noted in the Review of Letriture. Chloride 
affects mammalian Hb-02 affinity by favouring the deoxystate (Laver et aI, 
1977). If this is true- of fish as well, Hb-0 2 affinity should decrease at 
+2 
high temperatures because of changes in erythrocytic CI and Mg 
Interestingly, these ~ffects are comparable to those of increased temperatures 
per ~, and to the decreases in cell pH which are associated with increased 
temperature (Reeves, 1977). Thus, all factors favour the tense or deoxy-
hemoglobin state at high water temperature. This can be regarded as a 
significant adaptation in teleosts inhabiting well-oxygenated waters, i.e., 
those for which oxygen uptake is not a problem. Decreased Hb-02 affinity 
facilitates oxygen release to tissues under conditions in which metabolism 
has been elevated by temperature. 
Such responses might, however, be inappropriate for particular 
species. For example , the bullhead, Ictalurus nebulosa (Grigg, 1969) 
and killifish (Greaney and Powers, 1977) which occupy continuously or 
episodicaly hypoxic waters exhibit increased affi nities when exposed 
to higher temperatures. They can therefore maximize use of what little 
oxygen is available and such species are, in a sense, oxygen scavengers . 
Wood and Johansen (1972) investigated the response of eel to hypoxia 
and noticed decreased organophosphate levels and increased Hb- 0 2 affinity . 
This is consistent with the findings of Weber et al (1975), Greaney and 
Powers (1978) and Weber and Lykkeboe (1978). Conclusions regarding the 
+2 
effects of altered Mg are, of course, tentative in the absence of data 
+2 
on cellular organophosphate levels for it is the [Mg J 
+2 
1 +2 : [ATP or [ Mg J: 
[ GTP] relationship rather than Mg Eer ~ which is of functional import-
ance . In fact, there is some change in these (Weber and Lykkeboe, 1978; 
Nikinmaa and Weber, 1984) and in general these suggest that changes in 
[ Mg+ 2J : [NTP] will supplement those in [ NTPJ : [ Hb]. Furthermore, because 
+2 
Mg levels, like those of other ions, can be shifted relatively rapidly, 
+2 
variations in [ Mg ] : [ATP) can be achieved more quickly than would be 
the case if NTP onl y were changed. 
Briefly, oxygen carrying capacity would l i kely be increased at high 
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temperature and in hype~dc conditions by increasing the amounts of hemoglobin 
and hematocrit. Chloride ion-reduced lowering o·f hemoglobin-oxygen affinity 
at high temperature acclimation was followed. As a consequence of the 
combination of these responses, nominal 'summer trout' appeared to be 
characterized by increased oxygen carrying capacity and decreased hemoglobin-
oxygen affinity as well as increased ventilation to aid oxygen uptake. Thi s 
is an advantageous response since more oxygen could be loaded at the gills 
and oxygen would be released easily at tissue level. 
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CONCLUSIONS 
(1) Blood-oxygen carrying capacity is enhanced with increased temperature, 
exposure to hypoxia and reduction in light period by increasing total 
hemoglobin and hematocrit. 
(2) The twelve hemoglobin components are observed. The most abundant 
two cathodal isomorphs increase in their abundancies but the 
most abundant anodal isomorph does not alter with temperature. 
Hypoxic acclimation is associated with increases in contents of 
almost all isomorphs. 
(3) Plasma Cl is largely unaffected by oxygen and it tends to increase 
at high temperature and on the shorter day length, but the average 
changes are small. Oxygen and photoperiod have less impact on 
+2 plasma Mg concentration than does temperature. 
(4) Exposure to high temperatures lead to significant increase in 
d 11 1 b d . +2 re ce C ut ecrease In Mg content. Although Cl is not 
+2 influenced by oxygen, Mg content decreases under hypoxic 
condition. Photoperiod has no effect on red cell ion levels. 
(5 ) Nominal "summer" and "winter" trout are compared. It is 
assumed that "summer" trout is c haracterized by inc reased 
blood-oxygen carrying capacity and decreased Hb-0 2 affinity. 
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APPENDICES 
Appendix 1: Weight (~I.,g), total length (T.L, cm) , fork length (FL,cm), blood hemoglobin conten!l 
(Hb , g.dl ), hematocrit (Hct,%) , mean GVlpuscular hemoglobin concentration (MCHC,g.dl ) , 
plasma Cl- and Mg+2 (pCl- and pMg+ 2 , mmo1.1it-~ ) and red cell Cl- and Mg+ 2 level (rbc e l-
and rbc Mg+ 2 , mmo1.lit-l ) at 20oC, Normoxia, 16L:8D 
- - +2 +2 
Fish Wt . T.L F.L Hb Hct MCHC pcl rbc Cl pMq rbcMg 
1 69.8 19.8 19.0 7. 6 38.8 19 .58 106 . 4 84.6 1.15 2.95 
2 73 .1 20 . 8 19.9 8 .1 37.7 21.48 115.6 74 . 0 0.94 4.20 
3 86 . 3 21.6 20.5 9.8 48.2 20.33 126.3 84.4 1.07 4.97 
4 75 . b 20.2 19.5 8.7 38.9 22.36 130.2 75.7 0.88 3.97 
I 
5 56.5 17.6 17.1 4.5 23 .0 19.56 113.0 84 .0 0.86 4.24 
6 54.8 17.7 17.4 7.0 37 . 8 18 .51 140.6 90.9 0.92 4. 23 
7 70.0 18 . 0 17. 6 7.0 32.7 21. 40 129.1 72.1 0.92 4.23 
8 56.7 18.2 17.9 6.5 30.0 21.66 123.8 86.7 0.80 4.76 
9 53 . 7 17 .6 17.0 5.5 24.5 22.44 130.2 87.8 0.88 5 . 03 
10 83.1 21.8 20.8 6.5 28.4 22.88 125.0 77.9 0.80 4.24 
11 46.3 17.6 17.1 5.5 25 .4 21.65 140.4 94.6 1.15 4.23 
12 50.0 19. 9 17.7 4.6 23.7 18.98 115.8 89.8 0.94 3.16 
X 64.6 19.2 18.4 6 .7 32 .4 20.90 124 . 7 83.5 0.94 4.18 
Sn-l 1 3 .3488 1. 6316 1.4035 1.6153 7.9051 1. 4588 10.5158 7.1417 0.1200 0.6248 I 
52 178.190 2.6624 1. 9699 2.6093 62 .4911 2 .1283 llO.5836 51.0044 0 . 0144 0 . 3904 
Sx 3.8534 0.4710 0.4051 0 .4663 2 .2820 0.4211 3.0356 2.0616 0.0346 0.1803 
U 73.1 20 . 3 19.4 7 .8 37 . 4 21 .83 131.3 88. 0 1.01 4.58 
L 56.1 18.2 17 . 6 5 .7 27.4 19.97 118 . 0 79.0 0.86 3.78 
~. I 
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Appendix 2: Weight (Wt.,g) , total length (T.L, cm), fork length (FL,cm), blood hemoglobin contenE1 
(Hb,g.d1-1), hematocrit (Hct,'!;), mean ccrpuscu1af hemoglobin concentration £MCHC,g.d1 ), 
plasma C1- and Mg +2 (pCl- and pMg+ 2 , illmo1.lit- ) and red cell C1- and Mg+ level (rbc el-
and rbc Mg+ 2 , mmo1.lit- 1 ). at 20o C, Normoxia, 8L:16D 
- -
+2 +2 
Fish Wt. T.L F.L Hb Rct MCHC pc1 rbc Cl pMg rbcMg 
13 69.8 20.9 20.0 7.4 39.4 18.78 133.3 79.0 1.01 4.06 
14 64.5 20.5 19.8 7.9 46.6 16.95 149.1 79.2 0.86 3.30 
15 80.6 21. 7 20.2 10.0 49.4 20.24 137.6 79.6 0.88 3.90 
16 107 j7 21.8 20.9 8.1 40.6 19.95 108.3 93.3 0.78 2.96 
17 98.9 , 21.8 20.8 9.3 27.5 33.81 142.9 64.2 0.87 5.50 
18 96.8 22.1 21.5 5.3 23.7 23.20 127.7 77.5 0.86 4.91 
19 79.2 19.5 19.0 7.3 30.4 24.01 132.9 72.0 1.15 5.50 
20 65.0 19.8 18.7 6.8 26.0 26.15 123.0 66.8 0.99 4.82 
21 90.3 21.2 20.7 6.2 23.5 26.38 118.4 80.5 0.89 5.93 
22 75.1 20.2 19.5 7.3 28.2 25.88 128.3 65.2 0.95 5.76 
23 72.5 19.9 19.0 8.2 35.0 23.42 122.4 66.8 0.95 5.51 
24 97.5 21.2 20.6 8.8 39.3 22.39 115.7 78.6 1.01 4.91 
X 83. 1 20 .9 20.1 7.7 34.1 23.43 128.3 75.2 0.93 4.75 
Sn-l 14. 5964 0.8891 0.8805 1.2723 8.8764 4.4437 11.6715 8.4997 0.0979 0.9851 
S2 213 .0548 0.7906 0.7753 1.6187 78.7915 19.7471 1 36 .225 72.2456 0.0095 0.9705 
SX 4.2136 0 .2566 0.2541 0.3672 2.5624 1.2828 3.3692 2.4536 0.0282 0.2843 
U 92.4 21.44 20.6 8.5 39.7 26.25 135.7 80.6 0.99 5.38 
L 73.8 20.31 19.5 6.9 28.4 20.60 120.8 69.8 0.87 4.13 
._--_. 
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Appendix 3: Weight (Wt .,g), total length (T.L, em), fork length (FL,cm), blood hemoglobin content1 
(Hb,g.d1-1 ), hemat ocrit (Hct,%), mean corpuscular hemoglobin concentration (MCHC,g.d1- ), 
plasma C1- and Mg+2 (pc1- and pMg+ 2 , mmo1.1it-1 ) and red cell C1- and Mg+ 2 level (rbc el-
and rbc Mg+ 2 , mmo1.1it-1 ) at 20oC, Hypoxia, 16L:8D 
-
-
+2 +2 
Fish Wt. T.L F.L Hb Hct MCHC pc1 .:bc Cl iPMg rbcMq 
25 41.9 18.7 18.2 7,5 38.6 19.43 
1 
128.2 71.1 1.05 4.65 
! 
26 79.3 22.5 21.9 6.7 36.4 18.40 116.1 67.2 0.88 4.12 
27 89.0 21.6 20.6 7.7 34.7 22.19 129.2 84.2 1.05 3.58 
28 61 i o 19.7 19.0 8.8 41.7 21.10 121.5 73.3 1.00 3.58 
'. 
29 79.4 1 20.8 20.0 6.0 28.9 20.76 129.9 72.4 0.94 4.71 
30 53.8 18.4 17.8 6.7 31.8 21.07 119.5 74.7 0.98 3.71 
31 57.7 19.9 19.2 8.8 42.3 20.80 131.2 82.0 1.18 4.75 
32 80 .2 22.5 22 . 0 9.3 44.8 20.75 121.5 70.5 1.17 4.43 
33 100.0 22.0 21.6 6.7 35.4 18.92 123.2 82.2 1.35 3.67 
34 43.2 17.4 17. 0 6.0 30.8 19.48 124.0 74.9 1.03 3.57 
35 78.7 19.3 18.7 7.3 35.2 20.73 124.3 75.2 1.03 4.50 
36 80.1 21.3 20.7 7.5 37.8 19.84 125.1 75.5 1.15 4.59 
X 70.3 20 . 3 19.7 7.4 36.5 20 .28 124.4 75.2 1.06 4.15 
Sn-l 18.3863 1. 6946 1.6657 1.0886 4.8066 1.0790 4.5299 5.1431 0.1267 0.4980 
52 338.0560 2.8717 2.7747 1.1851 23.1042 1.1643 20.5202 26.4515 0.0160 0.2480 
5x 5.3076 0.4891 0.4808 0.3142 1.3875 0.3115 1. 3076 1.4846 0.0422 · 0.1660 
U 81.9 21.4 20.8 8.1 39.5 20.97 127.3 78.5 1.15 4.51 
L 58 . 6 19.3 18.7 6.7 33.4 19.60 121.5 71.9 0.96 3.78 
- ~---
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Appendix 4: Weight (~r.,g), total length (T.L, em), fork length (FL,cm), blood hemoglobin conten~l 
(Hb,g.dl ), hematocrit (Hct,%), mean COll' llSCular hemoglobin concentration (MCHC,g.dl ), 
plasma Cl- and Mg+2 (pCl- and pMg+ 2 , mmol.lit- l ) and red cell Cl- and Mg+2 level (rbc Cl-
and rbc Mg+ 2 , mmol.lit- ) at 20oC, Hypoxia, 8L:16D 
- -
+2 +2 
Fish Wt. T.L F.L Hb Hct MCHC pel rbc C1 pMg rbcMg 
37 88.8 21.6 21.2 9.5 41.5 22.89 134.3 71.5 1.04 4.21 
38 63 .9 21.1 20.2 9.5 42.8 22.19 134.9 70.1 0.96 3.62 
39 62.4 18.9 18.5 14.6 60.9 23.97 130.5 70.9 1.0 4.13 
40 5)7 
• I 20.6 19.9 9.2 39 .• 8 23.11 121.8 64.2' 0.75 4.40 
41 58 . 3 19.5 19.0 10.6 41.9 25.29 124.1 62.8 0.79 3.96 
42 61.8 18.9 18.4 9.8 45.9 21.35 133.7 72.5 0.93 4.40 
43 87.7 21.0 20.3 9.4 44.6 21.07 137.3 80.4 0.96 4.90 
44 100.7 21.6 21.0 9.6 45.8 20.96 143.0 76.8 0.96 4.22 
45 88.4 21 . 0 20.7 9.6 49.9 19.23 135.9 74.9 0.98 4.47 
46 66 .0 20 . 7 20.4 7.8 45.7 17.06 148.8 73.1 0.98 4.90 
47 59.0 19.3 18.7 9.3 46.7 19.91 127.2 75 .9 0.88 4.73 
48 108.9 23 .1 22.7 9.0 45.4 19.82 132.9 77.8 1.0 4.89 
it 75.0 20.6 20.1 9.8 45.9 21.40 133.7 72.5 0.93 4.40 
Sn-l 18.6478 1.2616 1.2769 1.6332 5.4423 2 . 2577 7.5136 5.2127 0.0872 0.4042 
s2 347.740 1. 5917 1.6306 2 . 6675 29.6190 5.0973 56.4545 27.1729 0.0076 0.1633 
SX 5.3831 0.3642 0.3686 0.4714 1.5710 0.6517 2. 1689 1. 5047 0.0251 0.1166 
U 86.8 21.4 20 .9 10.8 49.3 22.83 138.4 75.8 0.99 4.65 
L 63.1 19.8 19.3 8.7 42.4 19.96 128.9 69.2, 0.88 4.14 
i 
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Appendix 5: Weight (~r.,g), total length (T.L, ern), fork length (FL,em), blood hemoglobin conten: 
(Hb,g.dl _), herna!oerit i Het ,%), ~an CQqus eu~ir hemoglobin eone~ntratio~2(MCHC,g.dl 1) ,_ 
plasma Cl and Mg 2 (pCl and pMg 2, mmol.lit ) and red cell Cl and Mg level (rbe Cl 
and rbe Mg+ 2 , mmol.lit- l ) at Soc, Normoxia, l6L:8D 
- -
+2 +2 
Fish wt. T.L F.L Hb Hct MCHC pel rbe Cl IpMq rbcMq 
49 77.8 20.0 19.4 6.4 32.7 19.57 127.9 57.5 0.73 6.79 
50 87.7 21.0 20.5 7.0 33.9 20.64 133.2 50.0 0. 73 7.05 
51 66.6 18.8 18.4 7.3 32.2 22.67 124.0 51.6 0.94 6.45 
52 57 . , 18.1 17.6 7.0 30.4 23.02 128.9 54.8 0.71 6.62 
\ 53 69.8 I 18.9 18.4 6.7 32.8 20.42 129.6 58.2 0.73 6 .96 
54 61.0 18.6 18.1 4.6 22.7 20.26 116.2 52.5 0.69 6.11 
55 56.8 17.9 17.5 8.4 43.6 19.26 124.7 50.2 0.84 7.04 
56 58.6 18.5 18.0 6.5 31.8 20.44 116.8 51.8 0.82 6.36 
57 63.6 18.2 17.8 5.5 25.8 21.31 133.5 52.0 0.82 7 .47 
58 69 .3 19.3 18. 9 8.4 36.7 22.88 126.9 52.8 0.82 7.05 
59 81.7 20.8 20.2 8.0 42.2 18.95 137.8 64.0 0.90 6.79 
60 62 .3 18.3 17.3 7.7 31.6 24.36 117.8 61.8 0.99 5.67 
X 67.7 19.0 18.5 6.9 33 . 0 21 .14 126.4 54 . 7 0.81 6.69 
Sn-l 10.050 1.0412 1 . 0457 1 . 1357 5.8802 1. 7090 6.9044 4.6028 0.0963 0.4890 
S2 -3 101. 0025 1.0842 1. 0935 1.2899 34.5769 2.9206 47.6717 21.1860 9.29xl0 0.2391 
-Sx 2. 9011 0.3005 0.3018 0.3278 1.6974 0.4933 1.9931 1. 3287 0.0278 0.1411 
U 74.1 19. 7 19.2 t'7.6 36.7 22.23 130.8 57.7 0.87 7.0 
L 61. 3 18.4 17.8 6.2 29.3 20.06 122.0 51.8 0.74 6 .38 
----
-~ 
I 
~~ ! 
I 
Appendix 6: Weight (~l.,g), total leng th (T.L, em), fork length (FL,em), blood hemoglobin eonten!l 
(Hb,g.d1 ), hematocrit (Hct,%), mean COtpuscular hemoglobin concentration (MCHC,g.dl ), 
plasma C1- and Mg+2 (P Cl- and pMg+ 2 , mmo1.1it- l ) and red cell C1- and Mg+ 2 level (rbc el-
and rbc Mg+ 2 , mmo1.1it- 1) at SoC, Norrnoxia , BL:16D 
- -
+2 +2 
Fish wt. 'f.L F. L Hb Hct MCHC pc1 rbc C1 pMg rbcMg~ 
61 102.2 21. 4 21.0 5.8 19. 9 29.14 114.2 59.3 0.61 6 . 62 
62 101.5 22.0 21. 8 4.0 16.2 24.69 113.0 51. 5 0 . 65 6.36 
63 I 68 .. 5 19 . 7 19 . 0 4 " . ~ 19.0 22.10 129.0 72.5 0.73 6 .3 6 
64 70r6 18. 5 17 .8 8.2 36.2 22.65 110.5 60 .x. 0.64 6.19 
65 65 . 61 18.Y IB.l 6.2 26.7 23.2 2 126.1 56.8 0.76 6.19 
66 85 .5 20.2 19 . 7 8.2 38. 0 21.57 128.6 62.0 0.79 6.19 
67 87. 9 20.0 19.7 5. 8 27.2 21. 32 129.9 50 .4 0.77 6.95 
68 105.6 22 . 2 21.8 9. 2 42.0 21.90 121.4 59.4 0.52 4.41 
69 75.7 19.1 18 .5 6 . 3 30.0 21. 0 123.6 64.2 0.78 5.76 
70 I 22.6 22 .1 7.2 31.9 22.57 121.8 57.4 0.78 6 .19 II os . 2 
71 63 .4 19.3 18.7 4 .6 23.1 19.91 126.6 68.8 0 .71 6 .11 
72 79.7 19.8 19.0 5.9 27.0 21.85 119.0 56.2 0 .92 6.35 
-
X 84.2 20.3 19.8 6.3 2B .1 22.66 121. 9 59.B 0.72 6.14 
5$1-1 16.0683 1.3931 1. 5316 1. 6431 7.9516 2.3603 6 . 5987 6.4093 0.1043 0.6161 
S 2 258.1902 1. 9408 2.3460 2.70 63.2290 5.5711 43.5438 41.0796 0.0108 0.3795 
Sx I 4.6385 0.4021 0 .4421 0.4743 2.2954 0.6813 1. 9048 1. 8502 0.0301 0.1778 
U 94.4 21.2 20.7 7.3 33.1 24.15 126.1 63.9 0.78 6.53 
L 74. 0 19.4 1.8 .8 5.2 23.0 21.16 117.7 55.8 , 0.65 5.74 
----J ~ 
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Appendix 7: We1ght (~i .,g), total length (T.L, em), fork length (FL,cm), blood hemoglobin conten!l 
(Hb,g.dl _), hema;ocnt (Hct,%), 'I'~an coquscu~fr hemoglobin conc!:ntratio~2 (MCHC,g.dl ) ,_ 
plasma Cl and Mg 2 (pCl- and gMg ,mmol.lit ) and red cell Cl and Mg level (rbc Cl 
and rbc Mg+ 2 , mmo1.11t- 1 ) at 5 C, Hypoxia, 16L:8D 
-
-
+2 +2 
Fish Wt . T.L. F.L. Hb Hct MCHC pCl rbc C1 loMa rbc Mg 
73 66.9 18.5 18.0 7.0 38.4 18.23 120.4 60.4 1.85 5.90 
74 63.3 18.8 1 8.3 4.3 17.6 24.43 108.0 64.9 0.73 5.92 
75 64. 1 19.0 18.3 5.5 21.2 25.94 123.0 56.3 0.71 5.94 
76 68 ~ 0 19.6 19.2 9.0 26.5 33.96 116.5 49.8 0.65 6.20 
I \ 
77 45.4 16.8 16.4 8 . 3 37.3 22.25 92.3 57.9 0.94 5.08 
78 58.9 18.6 18.0 5.1 24.4 20.90 129.3 58.8 0.69 5.76 
79 55.8 17. 9 17.4 7.2 34.2 21.05 125.0 54.9 0.80 6.19 
80 74 . 0 19.7 19.1 5 .8 36.9 15.71 114.5 55.9 0.80 5 . 93 
81 39.5 15.9 15.4 6.6 30.5 21.63 110.9 54.0 0.73 5.94 
82 92.8 20.8 20.4 9 . 3 44.5 20.89 123.4 70.4 0.82 5.51 
83 72.6 20.0 19.5 7.8 46.0 16.95 92.6 61.9 0.78 5.08 
84 49.9 16.8 16.3 10.8 32.3 33.43 85.4 60.1 0.84 5.65 
X 62.6 18.5 18.0 7.2 32.4 22.94 111.7 58 .7 0.86 5.75 
Sn-1 14.2798 1. 4593 1. 4585 1. 9126 8.8507 5.7774 14.4754 5.3964 I 0.3207 0.3713 
52 203.9126 2. 1296 2.1274 3.6584 78.3360 33.3786 209.5384 29.122 0.1028 0.1378 
Sx 4.1222 0.4212 0 . 4210 0.5521 2.5549 1.6677 4.1786 1.5578 0.0925 0.1071 
U 71.7 19.5 19 . 0 8.4 38.1 26.6 120.9 62 . 2 1.06 5 . 99 
L 53.5 17.6 17.1 6.0 26.8 19.27 102.5 55.3 0.65 5.52 
--
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Appendix 8: Weight (~I.,g), total length (T.L, em), fork length (FL,em) , blood hemoglobin eontent_ l 
(Hb,g.dl _), hemat~erit i Het ,%), ~~an coquseu!ir hemoglobin eone=ntratio~2(MCflC, g.dl ), 
plasma Cl and Mg+ (Pst and pMg ,rnmol.lit ) and red cell Cl and Mg level (rbe Cl-
and rbe Mg+ 2 , mmo1.1it- ) at Soc, Hypoxia, 8L:16D 
- -
+2 +2 
Fish Wt. T.L. F.L. fib Het MCHC pC1 rbe Cl pMg rbe Mg 
85 69.4 19.0 18.4 8.3 39.6 20.95 130.9 75.6 0.86 5.24 
86 63.9 18.9 17.9 6.5 30.1 21.59 122.3 64.2 0.86 4.48 
87 54.9 17.7 17.1 8.3 36.5 22.73 129.9 70.2 0.88 4.64 
88 60 j 2 17.9 17.4 8.8 39.9 22.05 123.6 62.8 \ 0.84 4.73 
I 
89 85.4 20.0 19.5 9.8 48.5 20.2 130.9 71.5 0.84 5.33 
90 98.4 20.5 20 . 1 8.3 39.8 20.85 137.2 67.9 0.75 5.08 
91 95.0 21.2 20.7 11.3 54.2 20.84 94.5 45.3 0.58 5.08 
92 73.1 20.6 20.0 8.3 39.7 20.90 129.6 69.3 0.67 4.32 
93 75.5 20.8 20.1 9.0 47.0 19.14 123.5 63.5 0.89 4.57 
94 68.4 19.8 19.1 7.8 31.3 24.92 117.3 57.8 0.73 5.12 
95 75.8 21.3 20.6 8.7 40.2 21.64 120.2 61.6 0.75 4.93 
96 101.2 22.7 21.8 9.6 47.6 20.16 129.7 70.5 0.82 5.33 
X 76.7 20.0 19.4 8.7 41.2 21.33 124.1 65.0 0.79 4.90 
Sn-l 15.1669 1.4649 1.4418 1.1740 7.0688 1.4700 10.8744 7.9659 0.0949 0.3460 
52 230.0348 2.1460 2.0790 1.3784 49.9690 2·.1610 118.2533 63.456 0.0090 0.1197 
5x 4.3783 0.4228 0.4162 0.3389 2.0406 0.4243 3.1391 2.2995 0 . 0273 0.0999 
U 86.3 20.9 20.3 9.4 45.6 22.26 131.0 70.0 0.85 5.12 
L 67.1 19.1 18.5 7.9 36.7 20.39 117.2 59.9 0.72 4.68 
\1: 1 
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Appendix 9: The relationship of erythrocytic electrolytes to hemoglobin (mmol. mmol Hb ) 
20C , normoxia, 16L 20C normoxia 8L 20C hypoxia , 16L 20C 
- +2 - +2 
-
+2 
No . Cl Mq No. Cl I1q No. Cl Mg No. 
1 28.0 0.97 13 27.3 1.40 25 23.7 1.55 37 
2 22.3 1. 27 1 4 30.3 1. 26 26 23.7 1.45 38 
3 26.9 1.58 15 25.5 1.25 27 24 .6 1.04 39 
4 22.0 ) 1.15 16 30.3 0.96 28 22.5 1.10 \ 40 
I 
5 27.9 1.40 17 12.3 1.05 29 22.6 1.47 41 
6 31.9 1. 48 18 22.5 1.42 30 23.0 1.14 42 
7 21. 8 1.28 19 19.4 1.48 31 25.6 1.48 43 
8 26.0 1.42 20 16.6 1.19 32 22.0 1.38 44 
9 25.4 1.45 21 19.8 1.46 33 28.2 1.26 45 
10 22.1 1.20 22 16.3 1.44 34 24.9 1.19 46 
11 28.3 1.26 23 18.5 1.52 35 23.5 1.41 47 
12 30.0 1.05 24 22.8 1.42 36 24.7 1.50 48 
ii - X X 26.0 1.29 X 21.8 1. 32 24.0 1.33 
Sn-l 3.4030 0.1818 Sn-l 5.7058 0.1793 Sn-l 1.6899 0.1758 Sn-l' 
S2 11. 5809 0.033 s2 32.5563 0.0321 S2 2.8560 0.0309 52 
Sx 1.0260 0.0548 Sx 1. 7203 0.0540 SX 0.5095 0.0530 Sx 
U 28.2 1.41 U 2 5.5 1.43 U 25.1 1.44 U 
L 23.7 1.16 L 18.0 1.20 L 22.8 1.21 L 
hypoxia, 8L 
-
+2 
Cl I1g 
20.3 1.19 
20.5 1. 06 
19.2 1.11 
18.0 1. 23 
16.1 1. 01 
22.0 1. 33 
24. 7 1.51 
23.8 1. 30 
25.3 1. 5 1 
27.8 1.86 
24.7 1.54 
25.5 1.60 
22.3 1.35 
3.5306 0.2540 
12.4656 0.0645 
1.0645 0.0765 
24.6 1.51 
19.9 1.18 
, 
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Appendix 9: (Cont'd •• ) 
5C , normoxia, 16L SC , normoxia, 8L 5C, hypoxia, 16L 5C, hypoxia, 8L 
- +2 - +2 - Mq+2 - +2 No . Cl Mg No. Cl Mg No. Cl No. Cl /-Ig 
49 19.1 2.25 61 13.2 1.47 73 21.5 2.10 85 23.4 1.62 
50 15.7 2.21 62 13.5 1.67 74 17.2 1.57 86 19.3 1.34 
51 14.7 1.84 63 21.3 1.87 75 14.0 1.48 87 20.0 1. 32 
52 15.4 1.86 64 17.2 1.77 76 9.5 1.18 88 18.5 1. 39 
53 18.5 2.21 65 15.8 1. 73 77 16.9 1.48 89 23.0 1.71 
54 16.8 ) f-95 66 18.6 1.86 78 18.2 1. 79 !, 90 21.1 1.58 
55 16.9 2.37 67 15.3 2.11 79 16.9 1.91 91 14.1 1.58 
56 16.4 2.02 68 17.6 1.30 80 23.1 2.45 92 21.5 1. 34 
57 15.8 2.27 69 19.8 1. 78 81 16.2 1. 78 93 21.5 1. 55 
58 14.9 2.0 70 16.5 1. 78 82 21.8 1.71 94 15.0 1.33 
59 21.9 2.32 71 22.4 1.99 83 23.7 1.94 95 18.5 1.48 
60 16.4 1.51 72 16.7 1.88 84 11.6 1.09 96 22.7 1. 71 
- - - -
X 16.8 2.06 X 17 . 3 1. 76 X 17.5 1. 70 X 19.8 1.49 
Sn -l 2 .0591 0.2516 5n-l 2.8371 0.2167 5n-l 4.4549 0.3807 5n-l 2.9878 0 .1485 
52 4 .2402 0.0633 52 8.0493 0.0469 5 
2 2 
19.8463 0.1449 S 8.9269 0.0220 
-
Sx 0.6208 0.0758 Sx 0.8554 0.0653 Sx 1. 3432 0.1147 Sx' 0.9008 0.0447 
U 18.1 2.22 U 19.1 1.90 u 20.4 1.95 U 21. 7 1. 58 
L 15.4 1. 89 L 15.4 . 1.61 L 14.5 1.44 L 17 .8 1. 39 
.-
-----
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Appendix 10 : Rx va lues for rainbow trout acclimated at 20 C, normoxia , 16L:8Da 
Fish C8 C7 C6 C5 C4 C3 C2 Cl Al A2 A3 A4 
1 1. 218 1.082 1.002 0 . 924 0 . 863 0.782 0 .711 0 . 24 2 0 .135 0 . 286 0.466 0 . 606 
2 1. 206 1.086 1.006 0 . 926 0.856 0.775 0 .724 0 . 204 0 .1 28 0 . 2 77 0 . 457 0 .587 
I 3 1.208 0 . 079 0 . 998 0 . 907 0.847 0 . 777 0.719 0 . 219 0 . 129 0 . 287 0 .4 77 0.607 
4 1. 227 1. 106 1.018 0 . 938 0 . 858 0 .787 0 .716 0. 1 96 0.142 0.292 0.472 0 . 602 
5 1. 227 ) 1.098 1. 013 0 .923 0 . 860 0 .787 0. 702 0.168 0. 168 \ 0 . 305 0 .4 78 0.628 
I 
6 1.198 1.076 0 .994 0 .917 0 . 847 0 . 781 0 . 707 0 .187 0.164 0 . 311 0.469 0.619 
7 1.193 1.06 7 0 . 99 5 0 . 919 0. 841 0 .779 0 .68 1 0 . 210 0 .138 0 . 279 0 . 441 0.591 
8 1. 230 1.067 0 . 973 0.914 0.848 0 .766 0 . 717 0 .232 0.140 0 .288 0.452 0.612 
9 1. 229 1.069 0.990 0.9 38 0.877 0 .785 0 . 714 0 . 259 0.124 0 .297 0 .488 0 . 568 
10 1.197 1.077 0.998 0 . 909 0 . 84 5 0 .775 0 . 695 0 .185 0 .167 0 .312 0 . 462 0 .622 
11 1. 233 1.092 1.013 0 . 909 0.879 0 .788 0 .7 30 0.276 0 . 098 0 .257 0 . 457 0 . 617 
12 1.212 1.092 1 . 012 0 . 92 4 0 . 834 0 .764 0.695 0 . 185 0.177 0 . 317 0 .467 0. 627 
-
X 1.215 1 . 082 1.001 0 . 920 0 . 854 0 . 779 0 .709 0.213 0 .142 0 .292 0 . 465 0 . 607 
Sn-l 0 .01 5 0 . 012 0 . 01 2 0 . 0 10 0 .013 0 . 007 0 . 013 0 .032 0 .022 0 . 017 0 . 012 0 . 017 
S2 - 3 - 3 - 3 - 3 - 3 -4 -3 - 2 - 3 - 3 -3 -4 0.20xl0 0 .15xl0 0 .15xl0 0 . 10xl 0 0 .18xl0 0 . 63xl 0 0.19xl0 0 . 10xl0 0 . 52xl0 O. 29x l 0 0 .16xl0 3 . 2xl0 
-
SX 0 . 004 0 . 003 0 . 003 0, 003 0 .004 0 .002 0 . 004 0.009 0 . 006 0 . 00 5 0.003 0 .005 
U 1. 224 1.090 1.009 0 .927 0 . 863 0 .• 784 0 .718 0 .235 0 .157 0 . 304 0 .4 74 0 . 619 
L 1. 205 1. 074 0 . 993 0 .914 0 .84 5 0 .774 0 .70 0 . 192 0 .127 0 . 281 0 .457 0 . 595 
- -- ------
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Appendix 11: Rx values for rainbow trout acclimated at 20 C, normoxia, BL:16D. 
Fish C8 C7 C6 C5 C4 C3 C2 Cl Al A2 A3 A4 
13 1.195 1.035 0 .975 0.895 0.825 0.755 0.695 0.235 0. 136 0.296 0 .475 0.603 
14 1.317 1.105 1.035 0 .925 0.855 0 .785 0.715 0.235 0.125 0.275 0.465 0.619 
15 1. 245 1.075 1.005 0.915 0.890 0.810 0.730 0.215 0.162 0 .302 0.470 0.627 
16 1.205 1.055 0.954 0.904 0.854 0.784 0.694 0.214 0. 130 0.290 0.450 0 .602 
17 1. 232 ) 1.062 0.995 0.906 0.830 0 .758 0.687 0.218 0.133 \ 0.290 0.4 46 0.588 
18 1.219 1.082 1.002 0.927 0.865 0.794 0.713 0.245 0 .132 0.297 0.477 0 .593 
19 1. 250 1.076 1.010 0.943 0.847 0.788 0.722 0.217 0 .152 0.315 0.510 0.589 
20 1.283 1.121 1.040 0.959 0.872 0.809 0.719 0.231 0 .184 0.346 0.560 0 . 630 
21 1.234 1.101 1.022 0.933 0.858 0.799 0.714 0.199 0.174 0.309 0.529 0 .589 
22 1.180 1.044 0 .991 0 .898 0.832 0.775 0 .713 0 .233 0.114 0.259 0.436 0.580 
23 1.191 1.049 0.980 0.901 0 .823 0.745 0.696 0.20 0.147 0.308 0.480 0.553 
24 1.193 1.064 0.980 0 .896 0.831 0.757 0 .702 0.207 0.163 0.311 0.490 0 . 559 
-
X 1.229 1.072 0 .999 0.917 0.849 0.780 0 .708 0.221 0. 146 0 .30 0 .482 0 . 594 
Sn-l 0.040 0.026 0.025 0.020 0.020 0.021 0.013 0.014 0 .021 0 .021 0 .035 0 .023 
S2 -2 -3 - 3 - 3 -3 
-3 
-3 
-3 -3 -3 -2 -4 
0.16xl0 0.68xl0 0 .64xl0 0.42xl0 0 .43xl0 0.47xl0 0.17xl0 0.21xl0 0.45xl0 Ol46xl0 0 .12xl0 5 .5xl0 
-
Sx 0.012 0.007 0 .007 0.006 0.006 0.006 0.003 0.004 0 .006 0 .006 0 .010 0.007 
U 1.256 1.089 1.016 0.930 0.862 0.794 0.717 0 . 230 0 .160 0.314 0 .506 0.610 
L 1.202 1. 055 0.982 0.903 0.835 0.765 0.70 0.211 0.132 0.286 0.459 0.579 
- ~--- - - . -
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Appendix 13: Rx values for rainbow trout acclimated at 20 C, hypoxia, 8L:16D. 
Fish C8 C7 C6 C5 C4 C3 C2 Cl Al A2 A3 A4 i 
I 37 1. 233 1.10 1.013 0.937 0.855 0.783 0.721 0.236 0.168 0.322 0.509 0.617 
38 1.229 1.076 0 .997 0.902 0.828 Q.780 0.696 0 .190 0 . 123 0.281 0.445 0.560 
39 1. 222 1.086 1.016 0 . 930 0.855 0.774 0.719 0.201 0.140 0.301 0.525 0.605 
40 1.202 ) 1.060 0 . 990 0.902 0.838 0.768 0.719 0.190 0.124 0.306 0.455 0.585 I 
\ 
! 41 1.192 I 1.055 0 . 979 0 .883 0.828 0.759 0.691 0.196 0.127 0.289 0 .451 0.582 
42 1. 231 1.073 1.026 0.920 0.853 0.779 0.708 0.219 0.111 0.290 0 .492 0.635 
43 1.214 1.088 0.975 0.906 0.823 0.765 0.726 0. 192 0.154 0.30 0 .461 0.595 
44 1.20 1.097 1.023 0.923 0.839 0.761 0.717 0.196 0.148 0.296 0 .471 0.550 
45 1. 235 1.106 1.013 0.907 0.879 0.788 0.706 0 .210 0.177 0.299 0 .434 0.583 
46 1. 230 1.095 1.025 0 . 938 0.853 0.787 0.721 0 .252 0.101 0.243 0 .411 0 .569 
47 1.206 1.090 1.018 0 .923 0 . 852 0.780 0.715 0.205 0.129 0.287 0.461 0.578 
48 1. 221 1.078 1.021 0 .939 0.863 0.795 0.722 0.267 0.163 0.323 0.510 0 .636 
-
X 1.218 1.083 1.008 0 .918 0.84 7 0 .777 0.713 0.213 0.139 0 . 29 5 0.469 0 .591 
Sn-l 0.014 0.015 0 .018 0.017 0.016 0.011 0.010 0.025 0.023 0 . ,0 20 0.034 0 .0 27 
s2 -3 -3 -3 -3 -3 - 3 -3 -3 - 3 -3 -2 -4 0.21x10 0 .24x10 0.33xl0 0.3xl0 O.26x10 0 .13xl0 0.l1xl0 0.65xl0 0.55xl0 0.43xl0 0.l1x10 7.5xl0 
Sx 0.004 0 .004 0 .005 0.005 0 .004 0.003 0.003 0.00 7 0.007 0.006 0 . 010 0 .008 
U 1.228 1.094 1.020 0 .929 0 .858 0.784 0 .720 0 .230 0.154 0.308 0.491 0.609 
L 1.208 1.073 0.996 0 .906 0.836 0.769 0.706 0.196 0 .123 0.281 0.446 0 .573 
--- -------
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Appendix 14: Rx values for rainbow trout acclimated at Soc , normoxia, 16L:8D. 
Fi sh C8 C7 C6 C5 C4 C3 C2 Cl Al A2 A3 A4 
49 1. 235 1.076 1.010 0.916 0.848 0.767 0.704 0.242 0.111 0.257 0.438 0.589 
50 1.228 1. 0 76 1.002 0.906 0. 835 0.764 0.693 0.184 0.189 0.343 0 . 532 0 . 626 
51 1. 222 1.069 1. 003 0.914 0.844 0.774 0.702 0.218 0.142 0.308 0.478 0 .591 
52 1.209 1.074 0.999 0.916 0.849 0 .787 0.711 0.233 0.12 9 0.267 0.443 0.618 
53 1. 222 ) 1.072 1.003 0.915 0 .843 0.778 0 .710 0 .237 0.128 0.269 0 .456 0 . 592 
54 1.250 1 .104 1.026 0.950 0. 873 0.792 0 .72 0 0 .243 0.132 0.291 0.490 0.602 
55 1.209 1.077 0. 998 0.909 0.845 0 .783 0.721 0 . 218 0.153 0.305 0.483 0.553 
56 1.206 1.069 1.008 0 . 924 0.853 0.783 0.716 0 . 25 4 0.112 0.243 0.440 0 . 579 
57 1.214 1.072 1.005 0 .910 0.840 0.768 0 .704 0. 190 0.186 0 .334 0.5 29 0 . 621 
58 1.201 1.071 1.001 0.914 0 .852 0 . 782 0.704 0.210 0.161 0.295 0.493 0.590 
59 1.235 1.077 1.002 0.911 0 .843 0 .774 0 .705 0.242 0.116 0.263 0.450 0.576 
60 1.202 1.075 0 .992 0.903 0 . 837 0.770 0.698 0.20 0.154 0.268 0.479 0. 590 
-
X 1. 219 1.076 1.004 0 .916 0 . 847 0 .777 0 .707 0.223 0 .143 0 .287 0 .476 0.594 
Sn-l 0.015 0.009 0 .008 0 .012 0.009 0 .008 0.00 8 0.02 2 0 .026 0 . 031 0.032 0 .0 20 
S2 -3 - 4 -4 -3 - 4 
- 4 
-4 -3 - 3 - 3 -4 
0. 23xl0 0 .86xl0 0 . 68xl0 O.14xl 0 0.95xl0 0 .75xl0 0 .7xl0 0.52xl0 0.70xl0 0 .97xl 0 0.001 4. 2xl 0 
-
Sx 0.004 0.002 0 .002 0 .003 0 .002 0 .002 0 .002 0.006 0 . 007 0.009 0.009 0.006 
U 1 .230 1 .082 1. 009 0 .924 0.853 0 .782 0 .713 0.238 0.160 0.307 0.497 0 ~607 
L 1.209 1.070 0.999 0 . 908 0.840 0 .771 0 .702 0.207 0.125 0 .266 0.454 0.580 
I 
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Appendix 15: Rx values for rainbow trout acclimated at 5°C, normoxia, 8L:16D. 
Fish C8 C7 C6 C5 C4 C3 C2 Cl Al A2 A3 A4 
61 1. 212 1.072 1.017 0.921 0.852 0.758 0.723 0.253 0.165 0.312 0 .491 0 .616 
62 1.191 1.059 0 . 9 78 0.918 0.857 0.790 0.728 0.266 0.151 0.284 0 .425 0 .554 
63 1.184 1.084 0.983 0.921 0.839 0.776 0.719 0.235 0.134 0.294 0.440 0.552 
64 1.191 1.072 0 .995 0.919 0.862 0.785 0.723 0.201 0.162 0.301 0.502 0 . 618 
65 1. 230 I 1. 087 0 . 993 0.937 0.862 0.772 0.699 0.198 0.137 0.30 5 0.424 0.592 
I 
66 1.241 1.094 1.019 0.907 0 .856 0.780 0.701 0 .231 0.195 0.287 0.455 0.571 
67 1.268 1.100 1.021 0.931 0 .832 0 . 790 0.723 0.248 0.173 Q.278 0.453 0.591 
68 1.248 1. 069 0.995 0.90 0 .843 0.781 0.699 0.232 0.181 0.319 0.449 0.591 
69 1.205 1. 0 78 0.997 0 . 9 21 0 .855 0.784 0.703 0.206 0.178 0.285 0.453 0.594 
70 1.257 1.093 1.011 0.914 0.842 0.780 0.70 0.195 0.115 0.291 0.490 0.607 
71 1.233 1.066 0.992 0 .913 0.859 0.768 0.698 0.201 0.10 0.297 0.480 0.596 
72 1.232 1.070 0.997 0.911 0.816 0.786 0.707 0.213 0.115 0.304 0.504 0.649 
-
X 1.224 1.079 1.0 0.918 0.848 0.779 0.710 0.223 0.150 0 . 296 0.464 0.594 
Sn-l 0.027 0.0128 0.014 0.010 0.013 0.009 0.011 0.024 0.030 0.012 0.028 0.027 
S2 
- 3 
-3 -3 _3 -3 -4 -3 -3 -3 -3 - 3 
0.75xl0 0.16xl0 0.19xl0 0 .10x10 0.19xlO 0.89xlO 0.14xlO 0.59xlO 0.91xl0 0.1'5x10 0.81x10 0.0007 
-
Sx 0 .008 0.003 0.004 0 .003 0.004 0.002 0.003 0.007 0.009 0.003 0.008 0.0082 
U 1.242 1.087 1.009 0.924 0.857 0.785 0 . 718 0.239 0.170 0.304 0.483 0.612 
L 1.206 1.070 0.990 0.911 0.839 0.773 0.702 0.207 0 . 130 0.288 0.445 0.576 
-
, 
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Appendix 16: Rx values fo r rainbow trout acclimated at 5 C, hypoxia, 16L :8D. 
Fish C8 C7 C6 C5 C4 C3 C2 Cl Al A2 A3 A4 
73 1.242 1.084 1.012 0.912 0. 841 0.762 0.716 0.206 0.122 0.297 0.443 0.583 
74 1.209 1.067 1.004 0.919 0.850 0.784 0.714 0.240 0.149 0 . 308 0 .477 0.626 
75 1.192 1.051 0.991 0.913 0 . 836 0 . 782 0.714 0.251 0.152 0.30 0.491 0 . 616 
76 1.210 1.071 1.004 0.917 0.851 0.784 0.726 0.209 0 .149 0 . 264 0.461 0.581 
77 1.171 1.050 0.974 0 .894 0 .824 0.772 0.696 0.232 0 .157 0.284 0 . 438 0.58 1 
78 1.203 ) 1.063 0.993 0. 911 0.835 0.778 0 .707 0 .211 0.139 ') 0.297 0. 444 0 .610 
I 
79 1.217 1. 082 1.021 0.935 0.850 0.797 0.736 0.220 0 .103 0.296 0 .4 35 0 . 590 
80 1. 230 1.074 1.0 · 0 . 914 0.843 0.774 0.702 0.210 0 .162 0 . 289 0.437 0.593 
81 1.189 1.051 0.985 0 . 901 0.829 0.773 0.699 0. 208 0.156 0.294 0.455 0 . 6 14 
82 1 .2 33 1.081 1.014 0.928 0 .854 0.789 0.709 0.250 0.150 0.282 0.465 0.605 
83 1.249 1.102 1.040 0.957 0.868 0.787 0.735 0.249 0.137 0 .289 0.439 0 .582 I 
84 1.236 1.106 1.043 0.958 0.868 0.785 0.723 0 . 228 0.145 0.271 0.467 0.626 
X 1.215 1. 074 1.007 0.921 0.846 0.781 0.715 0.226 0.143 0.289 0.479 0 .598 
Sn- l 0.023 0.018 0.020 0.019 0.013 0.009 0.013 0.017 0.016 0.012 0.082 0.016 
S2 -3 -3 
- 3 - 3 - 3 - 4 -3 - 3 
- 3 - 3 
0.56xl0 0 .34xl0 0 .43xl 0 0. 39xl0 0.19xl 0 0.87xl0 0.17xl0 0 .31xl0 0 . 27xl0 0.15xl0 0 .006 0 . 0002 
Sx 0.007 0.005 0.006 0.005 0.004 0.002 0.003 0.005 0 . 005 0.003 0.024 0.005 
U 1. 230 1.086 1.021 0.934 0.855 0.787 0.723 0. 2 38 0.154 0.29 7 0 .534 0 . 609 
L 1.199 1. 061 0.993 0.908 0.837 0.774 0.706 0 .214 0 .132 0.281 0 .4 24 0 .587 
~t I 
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Appendix 17: Rx values for rainbow trout acclimated at 5 C, hypoxia , 8L:16D. 
Fi sh C8 C7 C6 C5 C4 C3 C2 Cl A1 A2 A3 A4 
85 1.235 1.088 0.994 0.916 0. 852 0 .760 0.710 0.198 0 . 127 0.292 0.486 0.629 
86 1.224 1.087 0.993 0.937 0.823 0 .771 0.697 0.194 0.169 0.283 0.450 0.608 
87 1. 212 1. 0 73 0.979 0.917 0.846 0 .770 0.710 0.217 0.146 0.279 0.467 0.615 
88 1.218 1.079 0.980 0 .938 0 . 877 0.762 0.708 0.203 0.112 0.286 0.472 0.628 
89 1. 221 ) 1. 07 9 1.006 0.901 0 .831 0.779 0 .696 0 . 20 0.194 , 0.287 0 . 481 0 .630 
90 1. 225 1 .083 1. 005 0.892 0.876 0 .784 0 . 695 0 .2 0 0.130 0 . 282 0 . 412 0.580 
91 1.208 1.077 1.016 0.914 0·847 0 .781 0 .706 0 . 191 0.149 0.295 0.439 0.585 
92 1.226 1.096 1.076 0.905 0 . 840 0. 786 0 .736 0.246 0.147 0.309 0 .423 0 .582 
93 1.209 1.069 0 .993 0.910 0.871 0 .779 0 .730 0.237 0 . 152 0 .316 0.490 0.620 
94 1.198 1.058 0.980 0.909 0.850 0 .778 0 .72 3 0 . 236 0. 146 0.290 0 .447 0 . 594 
95 1.208 1.067 0.984 0 .920 0.870 0 .786 0 .739 0.253 0.129 0.283 0.478 0.605 
96 1.190 1.080 0.998 0.913 0 .854 0 .774 0 .702 0.237 0.168 0.309 0.468 0.601 
X 1.214 1.078 1.0 0 .914 0.853 0.776 0 .712 0.218 0.147 0 .292 0.480 0.606 
Sn- 1 0.012 0.010 0.026 0 .013 0 .017 0.008 0 . 015 0.022 0.021 0 .012 0.022 0.018 
- 3 
-3 -3 - 3 -3 -4 -3 - 3 - 3 - 3 - 3 -4 
52 0 .16x10 0. 10x10 0 .69xl0 0. 17x10 0.31xl0 0 .74x10 0 .24x1 0 0.5xl0 0.48x10 0 .14xl0 0.5xl 0 3 .4x10 
5x 0.00 3 0.003 0 .007 0 .004 0 .005 0 .002 0 .004 0.006 0.006 0 .003 0.006 0.005 
U 1.223 1.084 1.017 0.923 0.865 0 .781 0 .733 0.232 0.162 0 . 30 0 .495 0.618 
L 1.206 1.071 0.983 0 . 905 0 .841 0.770 0 .702 0.203 0.133 0 .284 0 .465 0 .594 
------- -- -
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Appendix 18 : Estimated content of hemoglobin polymorph of rainbow trout acclimated at 20oC, Normoxia, 1 6L:8D (g.d1 ) 
Fish Total C8 C7 C6 C5 C4 C3 C2 C1 Al A2 A3 A4 
1 7.6 0.07 0.38 0.57 0.71 2.27 1.21 0.08 0.09 0.87 0.21 1.07 0 .10 
2 8. 1 0.06 0.43 0 .81 0.71 1.96 1.38 0.14 0.04 0.66 0.05 1.18 0 . 0 6 
3 9.8 0.06 0 . 33 0 .61 0.90 3.04 2.05 0.12 0.04 0.87 0.12 1 .63 0 .10 
4 8.7 0 .08 0.34 0 .61 O. B4 2.77 1. 74 0.11 0.06 0 .71 0.10 1. 32 0 .07 
5 4.5 0 .05 0.31 0 .43 0.46 1. 26 0 . 60 0.03 0.05 0 .46 0.11 0 .74 0 .03 
6 7.0 
) 
0 .34 0 .45 0 . 70 2.01 0 .78 0.04 0 .12 0:\87 0.11 1. 44 0 . 08 0 .• 015 
7 7.0 0.12 0 .66 0 .58 0.92 1. 76 0.69 0 .03 0 . 04 0.60 0.07 1.50 0 . 02 
8 6 .5 0 .08 0 .55 0.67 0.67 1.63 0.80 0.02 0 . 02 0 .59 0.12 1.41 0 . 03 
9 5.5 0.05 0 .34 0.41 0.47 1.34 0.B7 0.06 0.06 0 .59 0.14 1.0 0 .0 5 
10 6. 5 0.05 0 .33 0.48 0.61 1.82 1. 22 0.03 0.05 0 .75 0.0 7 1.1 0 .03 
11 5 .5 0 .09 0 .45 0.48 0.64 1.36 0.70 0.07 0 .07 0.54 0. 14 0.93 0.04 
12 4 . 6 0 .05 0 . 28 0 .41 0.43 1.29 0.94 0 .09 0 .02 0.33 0.04 0 .64 0. 0 8 
-
X 6 .7 0 .06 0 .39 0 .54 0.67 1.87 1.08 0 .06 0.05 0 .65 0.10 1.16 0.05 
5n-1 1 .6 153 0 .0217 0 .1114 0 .1218 0 .1636 0.5790 0.4534 0.0401 0 .0284 0. 1 703 0.0463 0.30 75 0 . 0283 
-4 
-3 -4 -3 
-4 52 2.6093 4 . 74x10 0 .0124 0 .0148 0.0267 0.3352 0.2056 1. 61x1 0 8. 09x10 0.0290 2.15x10 0 .0945 8 .02x10 
-3 
-3 
- 3 
So< 0 .4663 6.29x10 0 . 0 321 0.0351 0.0472 0.1671 0.1309 0 .0116 B.21x10 0 .0491 0 . 0133 0.OBB7 8 .17xl O 
U 7.B 0.08 8 .46 0.62 0. 77 2.24 1.36 0 .09 0.07 0 .76 0 .13 1.35 0 . 0 7 
L 5 .7 0.05 0 .32 0.46 0 .56 1.50 0.79 0.04 0 .03 0.54 0.07 0 .96 0 . 03 
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Appendix 19: o -1 Estimated content of hemoglobin polymorph of rainbow trout acclimated at 20 C, Normoxia, SL:16D (g.dl ) 
Fish Total CS C7 C6 C5 C4 C3 C2 C1 A1 A2 A3 A4 
13 7.4 0.06 0.42 0.70 0.79 2.24 1.60 0.14 0.06 0.42 0.07 1.06 0.04 
14 7.9 0.10 0.57 0.61 0.S5 2.0 1.02 0.10 0.07 0.91 0.12 1.53 0.03 
15 10.0 O.OS 0.56 1.02 1.0 2.79 1.71 O.ll 0.05 0.S9 0.14 1. 75 0.06 
16 8.1 0.10 0.5S O.Sl 0.6S 2.14 1.3S 0.17 0.10 0.85 0.20 0.91 0.06 
17 9.3 0.01 0.75 0.71 1.1S 2.60 1.28 0.02 0.01 0.59 0.03 2.20 0.02 , 
IS 5.5 0.05 I 0.39 0.55 0.56 1.42 0.75 0.02 0.05 
\ 
0.62 " 0.07 1.12 0.02 
19 7.3 0.07 0.55 0.71 0.82 2.04 0.90 0.01 0.06 0.83 O.OS 1.34 0.04 
20 6.8 0.03 0.35 0.63 0.61 1.73 1.12 0.03 0.09 0.94 0.15 LIS 0.02 
21 6.2 0.06 0.46 0 . 60 0.69 1.60 0.90 0.04 0.03 0.66 0.05 1.12 0.05 
22 7.3 0.05 0.54 0.63 0.71 1.97 0.97 0.01 0.05 0.S7 0.02 1.65 0.01 
23 8.2 0.05 0.54 0.66 0.S3 2.32 1.20 0.03 O.ll 0.96 0.07 1.56 0.03 
24 8.S O.OS 0 .59 0.81 O.SO 2.39 1.34 0.04 0.03 0.72 ' 0.04 2.0 0.06 
X 7.7 0 .06 0 .52 0.70 0.79 2.10 LIS 0.06 0.06 0.77 0 .08 1. 45 0.0 3 
5n-l J .27 23 0 .0210 0 .1071 0 .1274 0.1695 0.3999 0.2936 0.0551 0.0296 0.1681 0.0546 0.3999 0.0177 
52 
-4 
-3 
-4 
-3 
-4 1. 6 187 4.44xl 0 0 .01l4 0.0162 0.0287 0.1599 0.0862 3.03xl0 8.S1xl0 0.0282 . 2.9Sxl0 0.15 99 3.15xl0 
-3 
-3 
- 3 5x 0 .3672 6.0Sxl0 0.0309 0.0367 0.0489 0.1154 0.0847 0.0159 8.56xl0 0.0485 0.0157 0.1154 5.12xl0 
U 8 . 5 0.07 0.59 0.78 0.90 2.35 1.36 0.09 0.07 0.87 0 .12 1. 70 0.04 
L 6. 9 0 .05 0.45 0.62 0.68 1.84 0.99 0.02 0.04 0.66 0.05 1. 19 0. 02 
-
, 
rl ~ I 
Appendix 20: Estimated content of hemoglobin polymorph of rainbow trout acclimated at 20oC, Hypoxia, 16L:8D (g.dl-) 
! 
Fish Total C8 C7 C6 C5 C4 C3 C2 Cl Al A2 A3 A4 
25 7.5 0.07 0.65 0.59 0.95 2.06 0.86 0.01 0.03 0.71 0.04 1.63 0.02 
26 6.7 0.01 0.40 0.61 0.67 1.76 1.17 0.01 0.03 0.73 0.01 1.19 0.01 
27 7.7 0.06 0.45 0.67 0.68 2.17 loll 0.03 0.10 0.96 0.03 1.41 0.03 
28 8.8 0.06 0.62 0.87 0.80 2.36 1.22 0.03 0.09 1.03 0.03 1.73 0.02 
29 6.0 O.O f 0.43 0.56 0.78 1.65 0.90 0.03 0.02 0.53 0.10 0.96 0.01 ~ 
30 6.7 O.O~ I 0.34 0.48 0.63 1.83 1.03 0.05 0.12 0.8~.I. 0.08 1.16 0.02 
31 8.8 0.04 0.53 0.79 0.72 2.37 1.31 0.04 0.09 1.04 0.06 1.77 0.04 
32 9.3 0.11 0.74 0.77 0.98 2.44 1.13 0.05 0.18 1.10 0.29 1.36 0.02 
33 6.7 0.04 0.37 0.67 0.49 1.83 loll 0.05 0.09 0.77 0.06 1.15 0.02 
34 6.0 0.02 0.30 0.41 0.74 1.94 0.91 0.04 0.07 0.61 0.06 0.85 0.02 
35 7.3 0.06 0.44 0.64 0.79 1.84 1.30 0.12 0.14 0.60 0.15 1.14 0.08 
36 7.5 0.06 0.67 0.58 0.80 2.09 0.90 0.02 0.02 0.72 0.06 1.61 0.02 
j( 7 .4 0.05 0.49 0.63 0.75 2.02 1.07 0.04 0.08 0.80 0.08 1.33 0.02 
5n-l 1.088 0.0262 0.1438 0.1299 0.1330 0.2625 0.1589 0.0289 0.0506 0.1913 0.0753 0.3035 0.0188 
-4 -4 -3 -3 -4 
52 1 . 1851 6.90xl0 0.0206 0.0168 0.0176 0.0689 0.0252 8.36x10 2. 56x10 0.0366 5.68x10 0.0921 3.53x10 
-3 -3 -3 
5x 0.314 7.58x10 0.0415 0.0375 0.0383 0.0757 0.0458 8.34x10 0.0146 0.0552 0.0217 0.0876 5.42x10 
U 8. I 0.06 0.58 0.72 0.83 2.19 1.18 0.05 0.11 0.93 0.12 1.52 0.03 
L 6.7 0.03 0.40 0.55 0.66 1.86 0.97 0.02 0.05 0.68 0.03 1.13 0.01 
I 
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Appendix 21: Estimated content of hemoglobin polymorph of rainbow trout acclimated at 20 C, Hypoxia, BL:16D (g.d1 ) 
Fish Total CB C7 C6 C5 C4 C3 C2 Cl A1 A2 A3 A4 
37 9.5 0.06 0.61 0.77 0.91 2.59 1.27 0.10 0.14 1.05 0.29 1.46 0.11 
3B 9.5 0 .09 0.69 0.88 0.91 2.40 1.22 O.OB 0.10 1.01 0.37 1.55 O.OB 
39 14.6 0.20 1.1 1.2 1.50 4.20 1.40 0.10 0.20 1.5 0.25 2.70 0 .10 
40 9.2 0.07 0.77 0.83 loll 2.40 1 . 14 O.OB 0.05 0 . a5 0.20 1.54 0.04 
41 10.6 0. 10) O.BO 0.92 1.12 2.82 1.32 0.12 0.10 1.10 0.15 1.B7 0.10 
42 9.a 0.12 I 0.6B 1.05 1.07 2.70 1.40 0.09 0.03 0.83 ) 0.20 1.60 0.06 
43 9.4 0.11 0.77 0.84 1.0 2.31 1.19 0.09 .0.07 0.89 0.12 1.91 0.09 
44 9.6 0.07 0.66 0.95 0.76 2.64 1.43 0 .03 0.12 1.19 O.OB 1.72 0.03 
45 9.6 0.05 0.65 0.B1 0.99 2.51 1.40 0.07 0.16 1.17 0.19 1.67 0.05 
46 7.B 0.05 0.54 0.67 0.B3 2.13 1.20 0.12 0.07 0.77 0.07 1. 53 0.05 
47 9.3 0.06 0.80 0.83 1.22 2.62 1. 31 0.11 0.04 0.B2 0.05 1.56 0.07 
48 9.0 0.05 0.63 0.83 0.B1 2.45 1.23 0.03 0.11 1.27 0.08 1.82 0.05 
X 9.B O.OB 0 .72 O.BB 1.01 2.64 1.29 O.OB 0.09 1.03 0.17 1.74 0.07 
5n-l 1 .6332 0.0433 0 .1431 0.1374 0.2054 0.5230 0.09B4 0.030 0.050B 0.2200 0.09B3 0.3343 0 .0264 
52 
-3 
-3 -4 -3 -3 -4 
2 . 66 75 1. Bax10 0 . 0204 0.01B9 0.0422 0.2735 9.69x10 9xlO 2.59xlO 0.0484 9.6Bxl0 0.1117 6.99xlO 
-3 -3 
5x 0.471 0.0125 0.0413 0.0396 0.0593 0.1509 0.02B4 B.66x10 0.OH6 0.0635 0.0284 0.0965 7.6 3x10 
U 10.8 0.11 0.81 0.96 1.14 2.97 1. 35 1.04 0.13 1.17 0.23 1.95 O.OB 
L 8 .7 0.05 0 .63 0 .79 0.88 2.31 1.22 0.06 0.06 0.89 0 .10 1.53 0 . 0 5 
, 
1.1 1 1 
Fish 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
-
X 
Sn- l 
52 
5x 
U 
L 
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Appendix 22: Estimated conte nt of hemoglobin polymorph of rainbow , trout acclimated a t 5 C, Normoxia, 16L:8D (g.dl 
-1 
) 
1'otal C8 C7 C6 C5 C4 C3 C2 Cl Al A2 A3 A4 
6 .4 0.06 0.48 0.61 0.64 1.60 0 .92 0.07 0.04 0.76 0 . 14 1.26 0.03 
7.0 0.04 0.40 0.69 0.52 1.67 1.25 0.05 0.08 1.06 0.16 1. 29 0.04 
7 .3 0.08 0. 60 0.65 0.79 1.83 0 .89 0.03 0.06 0.82 0.16 1. 51 0.02 
7 .0 0.09 0 .64 0.62 0.91 1.84 0.78 0.04 0.03 0.53 0.05 1.57 0.03 
6 .7 0.04 0 .42 0.64 0.66 1.81 1.14 0.03 0.05 0.78 0.02 1. 32 0.04 
4 .6 0. J 7 0.41 0.44 0.52 1. 20 0.50 0.02 0.03 0. 4 ~. 0.03 1.03 0.03 
I ' I 
8 .4 0.06 0.68 0.75 0.95 2.30 1.18 0. 05 0.03 0.80 0.19 1. 52 0.06 
6.5 0.06 0.53 0.58 0.82 1.83 0.77 0.03 0.02 0.58 0.03 1. 41 0.03 
5.5 0.05 0 .23 0.34 0.69 1.64 0.77 0.02 0.03 0.61 0.02 1.20 0.02 
8 .4 0.06 0.49 0.81 0.64 2.17 1. 33 0.04 0.13 1.10 0.05 1.67 0.05 
8.0 0.09 0.63 0.72 0.74 1.99 1.09 0.05 0.06 0.99 0.14 1. 74 0.06 
7.7 0.04 0. 45 0.78 0.66 1.98 1.29 0.06 0.07 0.99 0.12 1.48 0.07 
6 . 9 0.06 0.49 0.63 0.71 1.82 0.99 0 .04 0.05 0.78 0.09 1. 41 0 . 04 
I . 1357 0.0180 0.1279 0.1362 0.1363 0.2853 0.2589 0.0156 0.0307 0.2154 0 .0645 0 .2049 0 . 0165 
-4 -4 - -3 - 4 
1 .2899 3.24xl0 0 . 0163 0.OL85 0. 0185 0.0814 0.0670 2.44xl0 9.47xlC 0.0464 4.16xl0 0.0420 2. 72xl0 
-3 -3 - : -3 
0.3278 5.19xl0 0 .0369 0.0393 0.0393 0.0823 0.0747 4.51xl0 8. 88xlC 0 .0622 0 .01 86 0 .0591 4.7 6xl0 
7.6 0 .07 0.57 0.72 0.79 2.0 1.15 0.05 0.07 0.92 0.13 1.54 0.05 
6.2 0.05 0.41 0.54 0.62 1.64 0 .82 0.03 0.03 0 .65 0 .05 1.28 0.03 
_ .- .... 
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Appendix 23: Estimated content of hemoglobin polymorph of rainbow trout acclimated at Soc, Normoxia, 8L:16D (g .d1 ) 
Fish Total C8 C7 C6 C5 C4 C3 C2 C1 A1 A2 A3 A4 
61 5.8 0.07 0.43 0.54 0.49 1.62 0.70 0.04 0.03 0.51 0.15 1.22 0 .04 
62 4.0 0 .02 0.20 0.41 0.34 1.13 0.60 0.04 0.02 0.38 0.09 0 .77 0.07 
63 4.2 0.01 0.18 0.25 0.52 1.12 0.71 0.04 0.02 0.45 0.10 0.79 0.06 
64 8.2 0.02 0 . 41 0.50 1.01 2.28 1.01 0.08 0.10 1.0 0.22 1.60 0.09 
65 6 .2 0 . 0 2 0.29 0.40 0.60 1.95 0.90 0.05 0 .09 0.75 0.12 1. 02 0.03 
66 8 .2 OJ 7 0 .44 0.84 0.52 2.06 1.37 0.05 0.14 1.0~ 0.12 1.46 0.02 I 
I 
I 67 5.8 0.05 0.43 0.57 0.50 1.65 0.72 0.01 0.04 0.63 0.02 1.22 0.04 
68 9 .2 0.06 0.55 0 .79 0.72 2.37 1.25 0 .07 0.09 1.15 0.09 1.97 0.06 
69 6.3 0.06 0.41 0 .62 0.51 1. 74 0.94 0.07 0.02 0.60 0.03 1.28 0 . 06 
70 7.2 0.01 0.32 0.45 0.69 2.2 0.93 0.04 0.11 0.99 0.13 1.37 0.02 
71 4.6 0.04 0 .32 0.43 0 . 35 1.29 0.60 0.02 0.02 0.43 0.12 0. 98 0 . 02 
72 5 . 9 0.05 0 .34 0.55 0.40 1.61 0.74 0.04 0.14 0.84 0.12 1.03 0 . 03 
-
X 6.3 0.04 0.36 0.52 0.55 1. 75 0.87 0.04 0 .06 0.73 0.10 1. 22 0 . 04 
5n- l 1 . 6431 0.0229 0.1060 0.1653 0.1854 0.4309 0.2455 0.0202 0.0482 0 .2738 0.052 1 0 . 3452 0 . 0227 
-4 
-4 - 3 -3 -4 
52 2.70 5.27xl0 0 .0112 0.0273 0.0344 0.1857 0.0602 4.08x10 2 . 32x10 0.0749 2.71x10 o· 0. 1192 5.18 10 
-3 
-3 - 3 
Sx 0 .4743 6.62x10 0 .0306 0.0477 0.0535 0.1244 0.0708 5.83xl0 0.0139 0 .0790 ' 0.0150 0.0996 6.57x10 
U 7.3 0 .05 0 .42 0 .63 0 .67 2.02 1.02 0.05 0.09 0.90 0.14 1 .44 0 . 06 
L 5.2 0 . 02 0.29 0 .42 0 .43 1.47 0.71 0 .03 0 .03 0.56 0.07 1.0 0 . 03 
------ -- --
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Appendix 24: Estimated content of hemoglobin po1YllOrph of rainbow trout acclimated at 5°C, Hypoxia, 16L:8D (g.d]- l ) 
I Fish Total C8 C7 C6 C5 C4 C3 C2 Cl Al A2 A3 A4 
73 7.0 0.07 0.54 0.44 0.86 1.92 1.06 0.07 0.06 0.42 0.11 1.48 0.06 
74 4.3 0.04 0.29 0.36 0.53 1.09 0.78 0.05 0.05 0.23 0.02 0.78 0.06 
75 5.5 0.03 0.38 0.48 0.64 1. 28 0.98 0.04 0.05 . 0.39 0.08 1.04 0. 04 
76 9.0 0.10 0.69 0.78 0.91 2.25 1.19 0.09 0.12 1.11 0 . 09 1. 75 0.15 
77 8.3 0.07 0.55 0.78 0.96 2.09 1 .30 0.07 0.11 0.62 0.10 1.53 0.05 
78 5.1 D., 0.33 0.50 0.53 1.36 0 . 80 0.04 0.07 0.38 0.05 1.02 0.05 
\ 
79 7.2 0.1'3 I ' 0.71 0.66 1.09 1.86 0.80 0.03 0.01 0.4(1' 0.15 1.46 0.08 
80 5.8 0.03 0.36 0.48 0.64 1.47 0.88 0.07 0.07 0.56 0.08 1.09 0.10 
81 6.6 0.10 0.46 0 . 62 0 . 58 1.41 1.01 0.12 0.06 0.77 0.11 1. 32 0.06 
82 9.3 0.11 0.71 0.8J 0.81 2.29 1. 35 0.12 0.12 0.98 0.12 1.73 0.08 
83 7.8 0.06 0 .73 0 . 69 1.16 2.08 1.0 0.11 0.02 0.38 0.07 1.51 0.09 
84 10.8 0.10 0. 50 1.0 0.93 2.83 2.03 0.10 0.10 0.80 0.10 2.4 0.20 
-
X 7.2 0.07 0.52 0.6 3 0.80 1.82 1 .09 0.07 0.07 0.58 0.09 1.42 0.08 
Sn-1 1.9126 0.0351 0.1608 0.1882 0. 2168 0.5138 0.3490 0.0320 0.0364 0.2736 0.0338 0.4288 0 . 0468 
-3 -3 -3 -3 - 3 
52 3.6584 1. 23x10 0.0258 0.0354 0.0470 0.2640 0.1218 1 . 02xl0 1.32xl0 0.0748 1. 14x1Cf 0.1839 2.19xlO 
-3 -3 
Sx 0 .552] 0.0101 0.0464 0.0543 0.0625 0.1483 0.1007 9.24xlO 0.0105 0.0789 9. 77x10 0.1238 0.0135 
: 
U 8 .4 0.09 0 .62 0.75 0.94 2.15 1.32 0.09 0.09 0.76 0.11 1.69 0.11 
L 6.0 0.05 0.41 0.51 0.66 1.50 0.87 0.05 0.04 0.41 0.06 1.15 0.05 
. _ . 
-
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Appendix 25: Estimated content of hemoglobin polymorph of rainbow trout acclimated at SoC, Hypoxia, 8L: 16D (g.dl- J ) 
Fish Total C8 C7 C6 C5 C4 C3 C2 Cl Al A2 A3 A4 
85 8.3 0.11 0.71 0.67 0.89 2.23 1.19 0.14 0.03 0.44 0.07 1.66 0.07 
86 6 .5 0.07 0.45 0.59 0.60 1 .63 1.03 0.05 0.03 0.45 0.10 1.05 0.04 
87 8 .3 0.09 0.55 0.78 0.74 2.23 1.30 0.08 0.11 0.89 0.10 1.41 0.04 
88 8.8 0.05 0.66 0.69 0.97 2.28 1.17 0.05 0.10 0.35 0.09 1.80 0.06 
89 9.8 0.06 0 .75 0.83 1.0 2.96 1.40 0.05 0.11 0.59 0.06 2.12 0.02 
90 8.3 o.Ot 0.42 0.83 0.98 2.43 0.97 0.02 0.12 1.0 0.03 1.47 0.02 
\ 
91 11.3 0.10 I ' 0.50 1.10 0.82 3.0 1.92 0.10 0.10 1.52" 0.15 2.0 0.10 
92 8.3 0. 10 0.69 0.80 0.90 2.20 1.23 0.12 0.10 0.40 0.10 1.56 0.10 
93 9.0 0.11 0.71 0.69 1 . 0 2 .30 1.21 0.09 0.09 0.52 0.12 2.0 0.16 
94 7.8 0.07 0.64 0.55 0.60 2.43 1.12 0.03 0.10 0.39 0.08 1.73 0.03 
95 8.7 0.06 0 .70 0.68 0.95 2.30 1.22 0.04 0 .10 0.51 0.08 1.98 0 .07 
96 9.6 0.10 0.68 0.82 1.15 2.51 1.22 0.13 0.11 0.68 0.15 2.20 0.05 
X 8 . 7 0.08 0.62 0.75 0.88 2.37 1.24 0.07 0.09 0.64 0.09 1. 74 0. 0 6 
5n-l 1 . 174 0 0.0231 0 .112 0 0.1438 0.1665 0.3574 0.2395 0.0407 0.0297 0.3413 0 .0347 0.3368 0.0407 
2 -4 -3 -4 -3 - 3 
5 1.3784 5.35xl0 0 .012 5 0.0206 0.0277 0.1277 0.0573 1. 66xl0 8 .87xl0 0.1165 1. 20xl0 0.1134 1. 66xl0 
-3 
-3 
5x 0.3389 6.68xl0 0.0323 0.0415 0.0480 0.1031 0.0691 0 .0117 8.60xl0 0 .0985 0.0100 0.0972 0.0117 
r 
U 9.4 0.09 0.69 0.84 0.98 2.60 1.40 0.10 0.11 0.86 0.11 1.96 0.08 
L 7.9 0.06 0.55 0 .66 0.77 2.14 1.09 0.05 0.07 0.42 0.07 1.53 0 . 03 
- ----
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Appendix 26: Hemoglobin polymorph percentage content of rainbow trout acclimated at 20 C, Normoxia, 16L:8D 
Fish C8 C7 C6 CS C4 C3 C2 C1 Al A2 A3 A4 
1 0.92 5.0 7.50 9.34 29.86 15.92 1.05 1.18 11.44 2.76 14.07 1.31 
2 0.74 5.30 10.0 8.76 24.19 17.03 1. 72 0.49 8.14 0 . 61 14. 56 0.74 
3 0.61 3.36 6.22 9.18 31.02 20.91 1. 22 0.40 8.87 1. 22 16.63 1.02 
4 0.92 3.90 7.01 9.65 31.83 20.0 , 1.26 0.69 8.16 1.15 15.17 0.80 
5 1.11 6.88 9.55 10.22 28.0 13.33 0.66 1.11 10.22 2.44 16.44 0.66 
6 0.71 ) 4.85 6.42 10.0 28.71 11.14 0.57 1.71 12.42 1. 57 20.57 1. 14 
7 1.71 19.42 8.28 13.14 25.14 9.85 0 .42 0.57 8.57 1.0 21. 42 0.28 
8 1. 23 8.46 10.30 10.30 25.07 12.30 0.30 0.30 9.07 1.84 21.69 0.46 
9 0.91 6.18 7.45 8.54 24.36 15.81 1.09 1.09 10.72 2.54 18.18 0.91 
10 0.77 5.07 7.38 9.38 28 .0 18.77 0 . 46 0.77 1l.53 1.07 16.92 0.46 
11 1.63 8.18 8.72 11.63 24.72 12.72 1.27 1.27 9 . 81 2.54 16.91 0.72 
12 1.08 6 . 08 8.91 9.34 28.04 20.43 l.95 0.43 7.17 0 .84 13.91 1. 74 
-
X 1. 02 6.05 8.14 9.95 27.41 15.68 0.99 0.83 9.67 1.63 17.20 0.85 
Sn-1 0.3490 1. 8667 l. 3633 l. 2916 2.6780 3.8178 0.5256 0.4336 1. 6141 0 . 7606 2.7479 0.4064 
S2 0.1218 3.4847 1. 8588 1.6683 7.1717 14.57.56 0.2762 0.1880 2.6054 0.5785 7.5510 0.1651 
Sx 0.1007 0.5388 0.3935 0 . 3728 0.7730 l.1021 0.1517 0.1251 0.4659 0 . 2195 0.7932 0.1173 
U 1.25 7.24 9 . 01 10.77 29.11 18.10 1. 33 1.10 10.70 2.11 18.95 1.11 
L 0.80 4.87 7.27 9.13 25.71 13.25 0.66 0.55 8 . 65 1.15 15.45 0.59 
, , 
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Appendix 27: Hemoglobin polymorph percentage content of rainbow trout acclimated at 20 C, Normoxia, 8L:16D 
Fish C8 C7 C6 C5 C4 C3 C2 Cl Al A2 A3 A4 
13 0.81 5.67 9.46 10.67 30.27 21.62 1.89 0.81 H.75 2.83 14.46 1.35 
14 1. 26 7.21 7.72 10.76 25.31 12.91 1.26 0.88 11.51 1. 52 19.36 0.38 
15 0.80 5.60 10.2 10.0 27.90 17.10 1.10 0.50 8.90 1.40 17.5 0.60 
16 1. 23 7.16 10.0 8.39 26.42 17.03 2.09 1.23 10.49 2.47 11. 23 0.74 
, 
17 0.64 8.06 7.63 12.69 27.95 13.76 0.21 0.11 6.34 0.32 23.65 0.21 ) , 
18 0.91 11.09 10.0 10.18 25.81 13.63 0.36 0.91 11. 27 ,\ 1. 27 20 .36 0.36 
19 0.95 7.53 9.72 H.23 27.94 12.32 0.13 0.82 H.37 1.09 18.35 0.54 
20 0.44 5.14 9.26 8.97 25.44 16.47 0.44 1.32 13.82 2.20 17.35 0.29 
21 0.96 7.42 9.67 11.13 25.80 14.51 0.64 0.48 10.64 0.80 18.06 0.80 
22 0.68 7.39 8.63 9.72 26.98 13.28 0.13 0.68 11.91 0.27 22.60 0.13 
23 0.61 6.58 8 .04 10.12 28 . 29 14.63 0.36 1.34 11.70 0.85 19.02 0.36 
24 0 . 91 6.70 9 .2 0 9.09 27.16 15.22 0.45 0.34 8.18 0.45 22.72 0.68 
X 0.85 6.79 9. 12 10.24 27.10 15.20 0.75 0.78 10.65 1.28 18.72 0.53 
Sn- l 0 .2420 0.8926 0.9098 1.1651 1.4562 2.5646 0.6769 0 .3882 1. 9853 0.84 30 3.5256 0.3325 
2 
S 0.0585 0.7968 0·8277 1. 3575 2.1206 6.5774 0.4582 0.1507 3 .9414 0.7107 12.4303 0.H06 
Sx 0.0698 0.2576 0.2626 0.3363 0.4203 0.7403 0.1954 0.1120 0.5731 0.2433 1.0177 0.0960 
U 1. 00 7.36 9.70 10.98 28.03 16.83 1.18 1.03 11.91 1.82 20.96 0.74 
L 0.69 6.22 8.54 9.50 26.18 13.57 0.32 0.53 9.39 0.75 16.48 0 . 32 
\ 
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Appendix 28: Hemoglobin polymorph percentage content of rainbow trout acclimated at 20 C, Hypoxia, 16L:8D 
Fish C8 C7 C6 C5 C4 C3 C2 Cl Al A2 A3 A4 
25 0.93 8.66 7.86 12.66 27.46 11.46 0.13 0.40 9.46 0.53 21.73 0.26 
26 0.15 5.97 9.10 10.0 26.26 17.46 0.15 0.44 10.89 0.15 17.76 0.15 
27 0.78 5.84 8·70 8.83 28.18 14.41 0.39 1.29 12.46 0.39 18.31 0.39 
28 0.68 7.04 9.88 9.09 26.82 13.86 0.34 1.02 11 .36 0.34 19.66 0.22 
29 0.50 7.16 9.33 13.0 27.50 15.0 0.50 0.33 8.83 1.66 16.0 0.16 
30 0 .59 ! 5.07 7.16 9.40 27.31 15.37 0.74 1. 79 13.28 1 . 19 17.31 0.29 , 
31 0 . 45 16.02 8.97 8.18 26.93 14.88 0.45 1.02 11.81 
, 
0.68 20 . 11 0.45 
32 1.18 7.95 8.28 10.53 26.23 12.15 0.53 i.93 11.82 3.11 14.62 0 . 21 
33 0.59 5.52 10. 0 7.31 27.31 16.56 0.74 1.34 11.49 0.89 17.16 0.29 
34 0.33 5.0 6.83 12.33 32.33 15.16 0.66 1.16 10.16 1.0 14.16 0.33 
35 0.82 6.02 8.76 10.82 25.20 17.80 1.64 1.91 8.22 2.05 15.61 1.09 
36 0 . 80 8.93 7.73 10.66 27.86 12.0 0.26 0.26 9.6 0.80 21.46 0.26 
X 0.65 6.59 8.55 10.23 27.44 14.67 0.54 1.07 10.78 1.06 17.82 . 0.34 
Sn-l 0.2780 1. 3388 1.0062 1.7924 1. 7370 2.0569 0.4017 0.6140 1.5357 0.8463 2.5215 0.2513 
2 
S 0.0773 1. 7924 1.0124 3.2128 3.0174 4.2311 0 . 1613 0.3770 2.3584 0.7163 6.3580 0.0631 
Sx 0.0802 0.3864 0.2904 0.5174 0.501 4 0.5937 0.1159 0.1772 0.4433 0.2443 0.7279 0.0725 
U 0 . 82 7.44 9.18 11.37 28.55 15.98 0.80 1.46 11. 75 1.60 19.42 0.50 
L 0.47 5.74 7.91 9.09 26.34 13.36 0.28 0.68 9.80 0.52 16.22 0.18 
---- -- --- -- -- --- -- - - - -- ----
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Appendix 29: Hemoglobin polymorph percentage content of rainbow trout acclimated at 20 C, Hypoxia , 8L:16D 
Fish C8 C7 C6 C5 C4 C3 C2 C1 A1 A2 A3 A4 
37 0.63 6.42 8.10 9.57 27.26 13.36 1.05 1.47 11.05 3.05 15.36 1.15 
38 0.94 7.26 9.26 9.57 25.26 12.84 0.84 1.05 10.63 3.89 16.31 0.84 
39 1.37 7.53 8.22 10.27 28.76 9.59 0.68 1.37 10.27 1.71 18.49 0.68 
40 0.76 8.37 9 .02 12.06 26.08 12.39 0.87 0.54 9.24 2.17 16.74 0.43 
41 0.94 7.54 8 .68 10.56 26.60 12 .45 1.l3 0.94 10.37 1.41 17. 64 0 .94 
42 1.22 ! 6.93 10.71 10.91 27.55 14.28 0.91 0.30 8.47 , 2.04 16.32 0 . 61 
, ~ 
43 1.17 8.19 8.93 10.63 24.57 12.66 0.95 0.74 9.46 1.27 20.32 0.95 
44 0.73 6.87 9.89 7.91 27.50 14.89 0.31 '1.25 12.39 0.83 17. 91 0.31 
45 0.52 6.77 8.43 10.31 26.14 14.58 0.73 1.66 12.18 1.98 17.39 0.52 
46 0. 64 6.92 8.59 10.64 27.30 15.38 1.55 0.89 9.87 0.89 19.61 0.64 
47 0.64 8.60 8.92 l3.11 28.17 14.08 1.18 0.43 8.81 0.53 16.77 0.75 
48 0.55 7.0 9.22 9.0 27.22 13.66 0.33 1. 22 14.11 0.89 20.22 0. 55 
X 0.84 7.36 8.99 10.37 26.86 13.34 0.87 0.98 10.57 1.72 17.75 0.69 
Sn-l 0.0802 0.6939 0 . 7297 1. 3501 1.1944 1.5405 0 . 3439 0.4279 0 .6458 0.9878 1.6150 0.2405 
2 
S 0.2833 0.4815 0.5325 1.8230 1.4266 2.3731 0.1182 0.1831 2.7089 0.9759 2.6082 0.0578 
Sx 0.0817 0.2003 0.2l06 0.3897 0 .3447 0.4447 0.0992 0.1235 0.4751 0:2851 0.4662 0.0694 
U 1.02 7.80 9.46 11.23 27.62 14.32 1.09 1.26 11.61 2.34 18.78 0.85 
L 0.66 6.92 8.53 9.52 26.10 12.36 0.65 0.71 9.52 1.09 16.73 0.54 
" 
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Appendix 30: Hemoglobin polymorph percentage content of rainbow trout acclimated at 5 C, Normoxia, 16L:8D 
Fish C8 C7 C6 C5 C4 C3 C2 C1 A1 A2 A3 A4 
49 0.93 7.50 9.53 10.0 25.0 14.37 1.09 0.62 11.87 2.18 19.68 0.46 
50 0.57 5.71 9;85 7.42 23.85 17.85 0.71 1.14 15.14 2.28 18.42 0.57 
51 1.09 8.22 8.90 10.82 25.06 12.19 0.41 0.82 11.23 2.19 20.68 0.27 
52 1.28 9.14 8 .85 13.0 26.28 11.14 0.57 0.42 7.57 0.71 22.42 0.42 
53 0 .59 6.26 9.55 9.85 27.0 17.01 0.44 0.74 11.64 0.29 19.70 0 . 59 
54 1.52 , 8.91 9.56 11.30 26.08 10.86 0.43 0.65 9 .78 0.65 22.39 0.65 
\~ 
55 0.71 I ' 8.09 8.92 11.31 27.38 14.04 0.59 0.35 9.52 2.26 18.09 0.71 
56 0.92 8.15 8.92 12.61 28.15 11.84 0.46 0.30 8.92 0.46 21.69 0.46 
57 0.91 4.18 6.18 12.54 29.81 14.0 0.36 0.54 11.09 0.36 21.81 0.36 
58 0 . 71 5.83 9.64 7.62 25.83 15.83 0.47 1.54 13.09 0.59 19.88 0.59 
59 1.12 7.87 9.0 9.25 2 4.87 13.62 0.62 0.75 12.37 1. 75 21.75 0. 75 
60 0.52 5.84 10.13 8.57 25.71 16.75 0.78 0.91 12.85 1.55 19.22 0.91 
X 0.90 7.14 9.08 10.35 26 . 25 14.12 0.57 0.73 11.25 1. 27 20.47 0 . 56 
Sn-1 0.3068 1.5336 1.0097 1. 9011 1.6310 2.3523 0.2055 0.3496 2.0674 0.8305 1. 5210 0.1795 
s2 0.0941 2.3519 1.0195 3.6144 2.6603 5.5336 0.0422 0.1222 4.2744 0.6898 2.3135 0.0322 
Sx 0.0885 0.4427 0.29 14 0.5488 0.4708 0.6790 0.0593 0.1009 0.5968 0.2397 0.4390 0.0518 
U 1.10 8.11 9.72 11.56 27.28 15.62 0.70 0.95 12.56 1.80 21.44 0.67 
L 0.71 6.16 8.44 9.15 25.21 12.63 0.44 0.51 9.94 0.74 19.51 0.44 
, 
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Appendix 31: Hemoglobin polymorph percentage content of rainbow trout acclimated at 5 C, Normoxia, 8L:16D 
Fish C8 C7 C6 C5 C4 C3 C2 Cl Al A2 A3 A4 
61 1.20 7.41 9.31 8.44 27.93 12.06 0.69 0.51 8.62 2.58 21.03 0.69 
62 0.50 5.0 10.25 8.50 28.25 15.0 1.0 0.50 9.50 2.25 19.25 1.75 
63 0.24 4.28 5.95 12.38 26.66 16.90 0.95 0.47 10.71 2.38 18.81 1.42 
64 0.24 5.0 6.09 12.31 27.80 12'.31 0.97 1.22 12.19 2.68 19.51 1.09 
65 0.32 4.67 6.45 9.67 3L'45 14.51 0.80 1.45 12.09 1.93 16.45 0.48 
66 0.8J 5.36 10.24 6.34 25.12 16.70 0.61 1. 70 13.29 , 1.46 17.80 0.24 
I ' I, 
67 0.86 7.41 9.82 8.62 28.44 12.41 0.17 0.69 10.86 0.34 21.03 0 .69 
68 0.65 5.97 8.58 7.82 25.76 13.58 0.76 0.97 12.50 0.97 21.41 0.65 
69 0.95 6.50 9.84 8.09 27.62 14.92 loll 0.31 9.52 0.47 20.31 0.95 
70 0.14 4.44 6.25 9.58 30.55 12.91 0.55 1.52 13.75 1 .80 19.02 0.27 
71 0.87 6.95 9.34 7.60 28.04 13.04 0.43 0.43 9.34 2.60 21.30 0.43 
72 0.84 5.76 9.32 6.78 27.28 12.54 0.67 2.37 14.23 2.03 ' 17.45 0.50 
X 0.63 5.72 8.45 8.84 27.90 13.90 0.72 1.01 11.38 1.79 19.44 0.76 
Sn-l 0.3420 1.1232 1. 7377 1.9013 1.7678 1.6859 0.2670 0.6435 1.8900 0.8166 1.6336 0.4619 
52 0.1170 1.2615 3.0198 3.6151 3.1251 2.8424 0.0713 0.4141 3.5722 0.6668 2.6688 0.2134 
5x 0.0987 0.3242 0.5016 0.5488 0.5103 0.4866 0.0770 0.1857 0.5456 , 0.2357 0.4715 0.1333 
U 0.85 6.44 9.55 10.05 29.03 14.97 0.89 1.42 12.58 2.31 20, 48 1. 0 5 
L 0.42 5.01 7.34 7.63 26.78 12.83 0.55 0.60 10.18 1.27 18.41 0.47 
\ 
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Appendix 32: Hemoglobin polymorph percentage content of rainbow trout acclimated at 5 C, Hypoxia, 16L:8D 
Fish C8 C7 C6 C5 C4 C3 C2 C1 Al A2 , A3 A4 
73 1.0 7.71 6.28 12.28 27.42 15.14 1.0 0.89 6.0 1.57 21.14 0.91 
74 0.93 6.74 8.37 12.32 25.35 18.14 1.16 1.16 5.35 0.46 18;14 1.40 
75 0.55 6.91 8.72 11.63 23.27 17.81 0.72 0.91 7.09 1.45 18.91 0.72 
76 1.11 7 .66 8.66 10.11 25 .0 l3.22 1.0 1. 33 12.33 1.0. 19.44 1.66 
77 0.84 6.62 9.39 11.56 25.18 15.66 0.84 1 ,32 7.46 1.20 18.40 0. 60 
78 0.59 1 6.47 9.80 10.39 26 . 6 15.68 0.78 1.37 7.45 , 0.98 20.0 0.98 
I ' 
,I. 
79 1.80 9.83 9.16 15.l3 25.83 11.11 0.41 0.l3 5.55 2.08 20.27 1.11 
80 0.51 6.20 8.27 11.03 25.34 15.17 1.20 1.20 9.65 1.38 18.79 1.72 
81 1.51 6.97 9.39 8.78 21.36 15.30 1.81 0.91 11.66 1.66 20.0 0.91 
82 1.18 7.63 8.71 8.71 24.62 14.51 1.29 1. 29 10.53 1.29 18.60 0.86 
83 0.77 9.35 8.84 14.87 26.66 12.82 1.41 0.25 4.87 0.89 19.35 1.15 
84 0.92 4.63 9.26 8.61 26.20 18.79 0.92 0.92 7.40 0.92 22.22 1. 85 
X 0.97 7.22 8.73 11.28 25.23 15.27 1.04 0.97 7.94 1.24 19.60 1.15 
Sn-1 0.3858 1. 3820 0.8965 2.1784 1. 6318 2 . 2464 0.3638 0.4093 2.5196 0.4282 1.1983 0.410 5 
52 0.1489 1.910 0.8038 4.7454 2.6628 5.0467 0.l324 0.1675 6.3483 0.1833 1.4360 0. 1685 
5x 0.11l3 0.3989 0.2587 0.6288 0.4710 0.6484 0.1050 0 .1181 0.7273 q.1236 0.3459 0.1185 
U 1.22 8.09 9.29 12.66 26 .26 16.69 1.27 1. 23 9.54 1.51 20.36 1.41 
L 0.73 6.34 8.16 9.89 24.19 l3.84 0.80 0.71 6.34 0 . 96 18.84 0.89 
, 
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Appendix 33: Hemoglobin polymorph percentage content of rainbow trout acclimated at 5 C, Hypoxia, 8L:16D 
Fish C8 C7 C6 C5 C4 C3 C2 C1 A1 A2 A3 A4 
--
85 1.35 8.55 8.07 10.72 26.86 14.33 1.68 0.36 5.30 0.84 20.0 0.84 
86 1.07 6.92 9.07 9.23 25 . 07 15.84 0.77 0.46 6.92 1.53 16.15 0.61 
87 1.08 6.62 9 . 39 8.91 26 .86 15.66 0.96 1.32 10.72 1.20 16.98 0.48 
88 0.57 7.50 7.84 11.02 25.91 13.29 0.56 1.13 3.97 1.02 20.45 0.68 
89 0.61 7.65 8.47 10.20 30.20 14.28 0.51 1.).2 6.02 0.61 21.63 0.20 
90 0.60 
) 
I ~ . 06 10.0 11.80 29.27 11.68 0.24 1.44 12.04 \ 0.36 17.71 0.24 
91 0.88 4.42 9.73 7.25 26.54 16.99 0.88 0.88 13.45 1.32 17.70 0.88 
92 1.20 8.31 9.63 10.84 26.50 14.82 1.44 1.20 4.82 1.20 1 8.79 1.20 I 
93 1.22 7.89 7.66 11.11 25.55 13.44 1.0 1.0 5.77 1. 33 22 . 22 1.77 
94 0.89 8.20 7 .05 7.69 31.15 14.36 0.38 1.28 5.0 1.02 22.18 0 . 38 
95 0.69 8.04 7.81 10 . 92 26.43 14.02 0.46 1.15 5.86 0.92 22.75 0.80 
96 1.04 7.08 8.54 11.98 26 .14 12.70 1.35 1.14 7.08 1.56 22.91 0 .52 
j( 0.93 7.18 8.60 10.14 2 7.20 14.28 0.85 1.04 7.24 1.07 19.95 0.71 
Sn-1 0.2680 1. 2885 0.9502 1. 5371 1. 9231 1. 4457 0.4546 0.3281 3.0855 0 .3581 2.4212 0.4376 
2 
S 0.0718 1.6603 0.9028 2.3627 3.698 5 2.0901 0.2066 0.1076 9.5205 0.1282 5.8625 0.1915 
-
Sx 0 . 0773 0.3719 0.2742 0 .4437 0.5551 0.4173 0.1312 0.0947 0.8907 0:1034 0.6989 0.1263 
U 1.10 8.0 9.20 11.11 28 .42 15.20 1.14 1.24 9.20 1.30 21.49 0.99 
L 0.76 6.36 8.0 9.16 25.98 13 . 36 0.56 0.83 5. 28 0.84 18.41 0.43 
" 
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